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Abstract  
In Australia, enteric methane production accounts for 68% of national greenhouse gas (GHG) 
emissions. Methane production (MP) is affected by diet quality. Approximately 50% of Australian beef 
cattle are grazed in the northern rangelands (Queensland, the Northern Territory, and part of Western 
Australia). In this region, cattle consume predominantly native C4 grasses, which are susceptible to 
substantial seasonal changes in nutritional value. The MP from Australian C4 grasses and associated 
changes in methane and methanogenic archaeal populations within the rumen are not well described. 
This thesis aimed to quantify methane from C4 tropical pastures and associated rumen microbiota 
during seasonal changes in forage quality. Four experiments were conducted to achieve these 
objectives.  
Experiment 1 (Chapter 3) measured cumulative gas production in vitro by Ankom Gas 
Production System batch culture method. Bottles containing ground forages and buffered rumen fluid 
were incubated for up to 48 h and pH, volatile fatty acids (VFAs); total gas production (TGP) methane 
(CH4), dry matter degradability (DMd) and organic matter degradability (OMd) were measured. 
Substrates were a variety of tropical C4 grasses (obtained in Experiment 4) ranging in CP from 29 g/ kg 
DM to 120 g/ kg DM and digestibility from 38 - 60%. A legume was included for comparison. A 
general linear model determined effect of forage type and time on variables. Regression relationships 
were determined between nutritive characteristics and gas variables. More gas, methane and total VFA 
(mmol/L) were produced when forages were more degradable. Positive linear relationships were 
observed between CP and both TGP and methane. Negative relationships were observed between fibre 
and methane.  
Experiment 2, (Chapter 4) determined contribution of inoculum to fermentative characteristics 
when donor cattle were fed forage diets representative of wet or dry season in northern Australia.  The 
experimental design was the same as for experiment 1. The substrates included the Mitchell grass, and 
the Lucerne from experiment 1 and two other forages a pasture (PAS) Urochloa mosambicensis (CP 90 
g/ kg DM’ DMD 63%) and a low quality hay (LQH) sample of Chloris gayana (CP 31 g/kg DM; DMD 
41%). Inoculum was collected from cattle consuming PAS (PASi) and LQH (LQHi) diets. A general 
linear model was used with forage type, time and inoculum source as fixed effects. Substrates 
incubated in PASi had greater MP and lower degradability than the same substrates incubated in LQHi. 
The in vitro experiments confirm that forage quality is the primary factor effecting gas production but 
under closed batch system conditions, specific effects of inoculum are observed. Two in vivo 
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experiments (Chapter 5 – 8) were conducted to quantify MP and microbial communities associated 
with seasonal change in forage quality.  
In Experiment 3, Bos indicus steers were fed a low quality C. gayana hay and then switched to 
either moderate quality U. mosambicensis pasture (PAS), a high quality C. gayana hay (HQH) or 
remained on low quality hay (LQH). Individual measurements of DMI and rumen outflow rates were 
taken and rumen fluid was sampled for analysis of pH, VFAs, NH3-N and microbial populations (using 
comparison of the 16S rRNA gene). Open circuit respiration chambers measured daily MP. Higher 
DMI, MP, and rumen outflow rates accompanied higher forage quality in PAS and HQH compared 
with LQH steers, although all produced approximately 19.8 g methane /kg DMI. Low quality hay 
produced more methane /kg digestible DMI and none of the diets reached predicted daily emissions 
compared with the equations in use for the national greenhouse gas inventory. Analysis of the 
prokaryotic community revealed predominance of the genus Prevotella and an unassigned genus in the 
family Ruminococcaceae in bacteria, and of Methanobrevibacter and Thermoplasmatales in the 
archaea.  
Finally, Experiment 4, a longitudinal design was conducted at Brunette Downs Station (Barkly 
Tableland, Northern Territory) in which rumen fluid was collected from 10 heifers grazing Mitchell 
grass in two wet seasons (May 2012, March 2013) and the intervening wet season (August, November 
2012). Regardless of sampling month during the year, dominant genera of bacteria and methanogenic 
archaea were similar, although differentiation in relative abundance between months was observed.  
Prevotella and Clostridial genera were predominant in the bacteria and Methanobrevibacter and 
Thermoplasmatales associated lineages in the methanogens. Methylotrophic methanogens appeared to 
comprise a greater proportion of the population in both in vivo experiments when forage quality was 
improved. However, one species identifying with Thermoplasmatales was negatively affected by 
increasing rumen outflow rates. 
It can be concluded that methane emissions from cattle consuming tropical grasses was lower 
than predicted. The experimental analysis confirmed Methanobrevibacter to be the dominant 
methanogen in northern beef cattle, however, Thermoplasmatales affiliated methanogens make up a 
significant proportion of the methanogenic population in cattle consuming tropical C4 grasses in 
Australia. Culturing a representative of this clade would greatly improve understanding of 
methanogenesis in Australian tropically adapted beef cattle. 
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1.0 General introduction 1 
Anthropogenic contribution of greenhouse gases (GHG); carbon dioxide (CO2), methane (CH4) and 2 
nitrous oxide (NO2); to the atmosphere is a leading cause of climate change (IPCC 2013). Methane 3 
has 25 times the global warming potential of CO2, the benchmark GHG, and a shorter atmospheric 4 
lifespan only 12.5% that of CO2 (IPCC 2007) which makes immediate methane mitigation attractive 5 
in efforts to decrease atmospheric GHG. Globally, ruminant livestock produce 68 - 74% of total 6 
GHG from agriculture, and are the single greatest source of methane production (MP) worldwide 7 
(Crutzen et al. 1986; Bouqier and Gonzales 2010; IPCC 2007). Methane also represents up to a 12% 8 
loss of gross energy intake (GEI) in domestic ruminants (Kurihara et al. 1999; Ominski et al. 2006; 9 
Purushe et al. 2010). Diet composition, particularly the type and proportion of carbohydrate, is a 10 
key factor that determines the quantity of enteric methane, and the incentive to mitigate is driven 11 
not only by desire to reduce atmospheric methane, but also a means to optimise livestock 12 
production capacity from available feed and improve efficiency in terms of methane produced per 13 
kg of animal product (meat, milk and wool). 14 
 15 
In Australia, 255 million hectares are classified as rangeland, 84% of all agricultural land (ABS 16 
2015), and mostly used for livestock grazing (O’Reagain et al. 2014). Rangelands are defined as 17 
areas where rainfall is too low; divided between an arid zone (≤ 250 mm rainfall) and semi-arid 18 
zone (≤350 mm rainfall); and soils too poor to support crop production (Bastin et al. 2008). They 19 
include savanna grasslands, wetlands, shrublands and woodlands but are generally considered to be 20 
the vast arid to semi-arid regions of central and northern Australia, including the monsoonal north 21 
(Bastin et al. 2008). The northern rangelands, stretching across Queensland, the Northern Territory 22 
and Western Australia are home to 59% of the national beef industry, 76% of national live exports 23 
and contribute AUD $5.0 billion to the economy (Gleeson et al. 2012). In this region, 95 to 100% of 24 
all human activity is linked to livestock production (Gleeson et al. 2012). Grazing in this region is 25 
characterized by susceptibility of cattle to seasonal fluctuations in both forage availability and 26 
quality, due to cyclic conditions of a monsoonal wet period (October to April) followed by a dry 27 
season (May to November). The native tropical grasses common to these regions, including the 28 
Mitchell grass (Astrebla spp.) Downs bioregion are inherently low in protein throughout the dry 29 
season (Poppi and McLennan 1995) and a nutrient supply below maintenance requirement results in 30 
poor growth rates, mobilisation of body tissues (Mapiye et al. 2012), and reduced fertility rates 31 
(Dixon et al. 2011). The rumen microbes, in the form of microbial protein, act as a buffer to delay 32 
malnutrition during nutritional stress, but prolonged periods eventually exhaust the store of 33 
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nutrients and limit capacity of microbes to synthesise energetic biomolecules and protein (Oetzel 34 
1988). A seasonal pattern of weight gain and loss results in a sawtooth growth curve and cattle 35 
require several years to reach sale weight (Dixon et al. 2011). In addition, prolonged exposure to 36 
low quality diets negatively affects fertility and weaning rates (Dixon et al. 1996). Despite 37 
environmental hardships, seasonal rainfall produces appreciable quantities of plant biomass 38 
containing sufficient fermentable carbohydrates and protein to support live weight gain, and 39 
appreciable numbers of cattle are supplied to both domestic and international markets. 40 
 41 
The rumen microbial consortium actively ferments plant biomass forming terminal CO2 and H2, 42 
which are reduced to CH4 by methanogenic archaea (Thauer et al. 2008). The ecological depth of 43 
rumen prokaryotes has been obscured by limitations of traditional cultivation techniques. 44 
Contemporary molecular tools for taxonomic assignment have enhanced understanding of the 45 
rumen microbiome. It is known that changes are apparent in both bacteria and archaeal populations 46 
in cattle grazing temperate pastures between winter and spring (Jeyanathan et al. 2011). In addition, 47 
the effect of seasonal forage quality on ruminal fill, dilution rate and digestibility is apparent in 48 
muskoxen (Perry et al. 2006), Svalbard reindeer (Orpin 1984; Sundset et al. 2009) and fallow deer 49 
(Dehority 2003) under seasonal conditions of hypophagia. However, little is known about rumen 50 
micro-ecology of cattle under seasonal tropical conditions.  51 
 52 
Agriculture, is vulnerable to aspects of climate change, particularly variable rainfall and 53 
temperatures due to predicted increase by 0.6 to 1.5 °C by 2030 (Henry et al. 2012). Given the 54 
economic value of the northern beef industry, enhanced understanding of annual fluctuations in the 55 
rumen microbiome and associated MP of cattle in the tropical north stands to offer novel strategies 56 
for improvements in production efficiency. In this review of the literature, the importance of enteric 57 
methane emissions is discussed before focusing on the key issues in MP of northern rangeland beef 58 
production, including rumen ecology; seasonal forage quality, and enteric fermentation.  59 
  60 
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2.0 Review of the literature: Factors affecting 61 
rumen fermentation processes and 62 
methanogenesis in cattle due to changing 63 
forage quality 64 
 65 
  66 
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2.1 Atmospheric greenhouses gases 67 
2.1.1 Atmospheric Methane  68 
Greenhouses gases (GHG) in the atmosphere reflect solar radiation from the Earth’s surface 69 
which results in a thermal trap. Between 1970 and 2000 there has been an average increase of 0.4 70 
Gt CO2 -eq in the atmosphere (1.3%) per year (IPCC 2014) and indications that the rate has 71 
increased to 2.2% per year in the decade between 2000 and 2010. However, this recent acceleration 72 
may partly caused by short term influences from other factors such as, short term variability in 73 
volcanic aerosols, El Nino weather patterns or solar storms (Foster and Rahmstorf 2011). What is 74 
certain is that the increasing concentration of GHG in the atmosphere has been associated with a 75 
mean increase in average global temperature of 0.18°C per decade since 1979 (Foster and 76 
Rahmstorf 2011) and projected to increase at 0.2°C per decade for the next two decades (2007 – 77 
2027; IPCC 2007). Anthropogenic activity since the industrial revolution is likely accountable 78 
(Foster and Rahmstorf 2011; IPCC 2014). Despite increased mitigation efforts from 2000-2010 79 
there has been no decrease in anthropogenic GHG production (IPCC 2014) and further efforts are 80 
required to measure and reduce anthropogenic GHG contributions.   81 
2.1.2 Australian GHG 82 
Australia contributes about 1.3% of global GHG and in 2007 ratified the Kyoto protocol, 83 
pledging a reduction of emissions to 5% below 2000 levels. A series of National Inventory reports 84 
based on Intergovernmental Panel for Climate Change (IPCC) accounting methodologies are 85 
annually submitted to the United Nations framework on climate change (UNFCCC) to monitor 86 
emissions and mitigation progress.  Accounting methodologies build on a framework of activity by 87 
emissions factors and are Tiered (1-3) in order of increasing complexity (IPCC 2006).  Agricultural 88 
emissions contribute about 15.2% of total national emissions in Australia. As of the last inventory 89 
report these were declining overall (-2.4% between 1990 and 2011), but methane gas is the primary 90 
component GHG for agriculture and constitutes 67% of sector emissions (~54 Gt CO2 -eq per 91 
annum).  92 
Methane is a potent GHG with a warming potential 25 times that of CO2 over a 100 year 93 
period but a shorter  atmospheric half-life of 12.4 years (IPCC 2014) which potentially makes it an 94 
effective candidate for mitigation of GHG. While there are numerous sources of methane including 95 
natural wetlands, old forests, hydrothermal vents and anthropogenically, savannah burning, rice 96 
cultivation, oil and gas exploration, the primary anthropogenic source is associated with agricultural 97 
production, namely ruminant livestock.  98 
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2.1.3 The ruminant and methane 99 
The release of methane as one product of anaerobic fermentation of plant biomass in the 100 
rumen has become a focal point of efforts to mitigate climate change. Cattle produce 105 – 300 g 101 
CH4/d (Jansenn 2010), which is arguably the largest single source of global GHG emissions 102 
(Eckard et al. 2013).  Of methane generated in the rumen the majority (~90%) is absorbed across 103 
the rumen wall into the blood and exhaled through the mouth and nose, via the lungs, while the 104 
remaining 10% is expelled through the anus (Hook et al. 2010). Agricultural research has 105 
traditionally focused on enteric MP to improve energy partitioning and economy in domestic 106 
livestock (Blaxter and Czerkawski 1966) as methane represents an energetic loss of between 2 and 107 
12% gross energy intake (GEI; Johnson and Johnson 1995). However, increasing importance is 108 
placed on the contribution of livestock GHG to atmospheric climate change and if the energy lost as 109 
methane could be redirected, a dual benefit of improved production gains could be realized in 110 
tandem with a reduction in GHG emissions. 111 
 112 
2.2 Rumen physiology and microbial ecology  113 
2.2.1 Rumen physiology  114 
The symbiotic relationship between the ruminant animal and the complex microbial ecology 115 
of the rumen is integral to the overall nutrition and health of both and influences proportions of end 116 
products such as meat, milk, and wool (as well as proportion of methane released). The rumen 117 
volume is approximately 110 - 235 L (Frandson et al. 2003) and houses a dynamic microbial 118 
population of bacteria and archaea (prokaryotes) and fungi and protozoa (eukaryotes) as well as 119 
bacteriophage.  Through an array of enzymes including endo- and exo- cellulases, lipases, α- 120 
amylases and glycol-hydrolases the microbiota synergistically degrade the complex polymer 121 
linkages associated with plant cell structures; including cellulose, hemicellulose, pectins, xylans, 122 
and starches, and release metabolites beneficial to the host including volatile fatty acids (VFAs), 123 
gases CO2, H2 and CH4 and a supply of protein in the form of microbial cells washed into the small 124 
intestine (Preston and Leng 1987). The rumen is a large compartmental vat maintained at 39 – 42 125 
°C (Dehority 2003) which incorporates the compartments rumen, reticulum, and omasum (Preston 126 
and Leng 1987; Figure 2). These forestomach compartments are lined with non-glandular, 127 
keratinized squamous epithelial tissue with projecting papillae up to 1.5 cm in length allowing for 128 
extensive nutrient absorption (Van Soest 1982). Ingested feed is masticated to mix with saliva and 129 
reduce particle size, and is then swallowed as a bolus into the reticulum.  130 
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 131 
http://sci.waikato.ac.nz/farm/content/animalstructure.htmlrestomach 132 
Figure 2.1 Gross anatomy of the rumen  133 
 134 
Saliva acts as a buffering agent, maintaining rumen pH in the range 5.5 – 7.0 provides 135 
lubricant for ingested feed, and supplies nitrogen (N; as urea), phosphorous (P), magnesium (Mg) 136 
and chlorine (Cl) as nutrients and essential co-factors to microbes (Dehority 2003). The reticulum is 137 
connected to the rumen by a large orifice and flow of ingested material is largely unrestricted 138 
between the two (Preston and Leng 1987). In forage fed animals, the newly ingested material joins a 139 
floating mat of larger particles suspended on the surface of the liquid phase  (Van Soest 1982) and 140 
these fractions are mixed through strong rhythmic contraction of the rumen walls with a bolus 141 
regurgitated and re-chewed 40 – 50 times (McDonald et al. 2011). The soluble constituents of the 142 
feed, where present, dissolve into the fluid phase, while the particulate material is colonized by 143 
microbes (McDonald et al. 2011). Micro-organisms are present in large numbers, ciliate protozoa 144 
(104 to 106   cells/mL), bacteria (1010 to 1011 cells/mL) archaea (107 mL) and fungi, measured either 145 
in zoospore counts (103 to 105 zoospores /mL) or total biomass (8% ruminal fungal biomass; Orpin 146 
1984). The epithelial layer of the reticulo-rumen wall is the site of absorption of VFAs, water and 147 
urea by passive transport as well as the active transport of sodium and chloride (Van Soest 1982). 148 
Once feed particles have been comminuted by the combined forces of mastication, rumination and 149 
microbial fermentation, to a size of approximately 1 – 2 mm in diameter they pass through the 150 
reticulo-omasal orifice into the papillae covered, laminar folds of the omasum, where sorting of 151 
particles and the absorption of water, VFAs and ions takes place (Van Soest 1982; Preston and 152 
Leng 1987). Fine particles passing out of the omasum enter the smaller glandular region of the 153 
‘true’ stomach, the abomasum, where enzymatic digestion occurs prior to further absorption of 154 
proteins, sugars and fats in the small intestine. 155 
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2.2.2 Fermentation end-products  156 
The anaerobic fermentation of plant polymers yields volatile fatty acids (VFAs), 157 
predominantly acetate (C2), propionate (C3) and butyrate (C4), the gases CO2 and H2 and microbial 158 
crude protein (MCP). A number of intermediary metabolites including formate, lactate, succinate, 159 
and ethanol arise in the rumen, but are used up in syntrophic microbial interactions and do not 160 
accumulate (Leng 2014; Hungate 1966). In ruminants, up to 70% of metabolisable energy (ME) is 161 
provided by VFAs (Bergman 1990) which are produced in C2:C3:C4 ratios ranging from 75:15:10 162 
on high roughage diets to 40:40:20 on high concentrate rations, reflecting shifts in microbial 163 
populations, end products and intermediate metabolic pathways. Longer chain fatty acids, iso-164 
butyric, iso-valeric and valeric, formed via the deamination of leucine, iso-leucine and valine are 165 
essential requirements of some cellulolytic bacteria (Allison et al. 1962) as is ammonia nitrogen 166 
(NH3-N), a significant source of N for growth (Dehority 2003). Ammonia is produced by 167 
degradation of dietary amino acids, peptides, and NPN. Bacterial species utilising non-structural 168 
carbohydrates (NSC) can additionally utilize peptides, proteins and amino acids for ~65% of their N 169 
requirement (McDonald et al. 2011). Ammonia absorbed through the rumen wall can be recycled to 170 
urea in the liver and returned to the rumen either through the rumen wall or in the saliva, with 171 
excess excreted in the urine. In order for continued fermentation hydrogen products must be 172 
disposed of, methanogenesis provides a thermodynamically favourable hydrogen sink allowing re-173 
oxidation of reducing equivalents NADH and NADPH. 174 
2.2.3 Hydrogen  175 
Regardless of substrate, hydrogen economy has a central role in rumen fermentation and 176 
dissolved dihydrogen H2 in ruminal fluid is considered to be the determining factor in MP (Hungate 177 
1966; Jansenn 2010; Leng 2014). Rumen hydrogen exists as H2, as free protons (H
+) and as the 178 
reduced co-factors NADH (H+)/ NADPH (H+) but 90% of rumen hydrogen is bound in water and a 179 
portion of the hydrogen used in methane is produced by dehydrogenase activity (Hegarty and 180 
Gerdes 1999). Concentration of dissolved H2 is also referred to as partial pressure of H2 (pH2). Low 181 
pH2 is associated with high pH and vice versa (Jansenn and Kirs 2008). Maintenance of low H2 182 
partial pressure (pH2) is therefore important to maintain favourable conditions for fermentative 183 
anaerobes, particularly cellulolytics because fermentation becomes increasingly unfavourable as 184 
pH2 increases. Balance of H2 and H
+ determine redox potential, extent of fermentation and end 185 
product ratio. High pH2 decreases redox potential in the rumen (Hegarty and Gerdes 1999). High 186 
pH2 is also associated with feeding level. When dry dairy cows were fed 8 kg DMI per day 187 
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compared with two lactating cow diets of 21 kg and 28 kg DMI per day, Marden et al. (2009) 188 
observed higher pH2 was associated with the lower feeding levels (P<0.001) and a 10 fold 189 
significant decrease observed at each feeding level (8 kg vs. 21 kg, 21 kg vs. 28 kg). Microbial 190 
metabolism is driven by free energy change ΔG of various fermentation reactions. Methanogenesis 191 
can be expressed stoichiometrically as;  192 
 193 
CO2 + 4 H2 → CH4 + 2 H2O; ΔG = ΔG° + RT ln [CH4] [H2O] 2/ [CO2] [H2]4  194 
 195 
Methanogenesis is highly dependent on H2 availability (Marden et al. 2009) although 196 
quantitative measurements of H2 are scarce. Hydrogen as H2 gas is non-polar and does not dissolve 197 
well in rumen fluid. Dissolved H2 in the normally functioning rumen is therefore low, ranging from 198 
0.1-50 µM (Jansenn and Kirs 2008). Background concentrations of 1.0 to 1.4 µM have been 199 
observed in the rumen of forage fed cattle with peaks of up to 20 µM observed after feeding 200 
(Smolenski and Robinson 1988) and post feeding increase is higher when grains are fed compared 201 
with forages (Robinson et al. 1981) or when feed is more digestible (Jansenn and Kirs 2008). Due 202 
to the exchange of H2 between hydrogen producers and utilisers, concentration is generally near 203 
equilibrium (Marden et al. 2009) and headspace gas is not deemed a good estimate of available 204 
rumen hydrogen (Leng 2014). This interspecies hydrogen transfer represents an integral symbiosis 205 
between hydrogen producing anaerobes and methanogens, or alternative H+ utilisers such as nitrate 206 
reducing bacteria (NRB) and sulphate reducing bacteria (SRB). High pH2 suppresses ferredoxin 207 
oxidoreductase which drives re-oxidation of reducing equivalents NADH to NAD+,  therefore 208 
reduced end products are more common in rumen environments with high pH2 (low redox potential, 209 
low pH). Such feedback reactions inhibit acetate production at high pH2 which encourages butyrate 210 
and propionate production which can re-oxidise NADPH (H+), lowering the pH2 and promoting 211 
acetate production to continue. With 4 mol H2 equivalent to 1 mol CH4 by autotrophic 212 
methanogenesis no gain in emissions intensity is made if H2 takes the place of CH4 in the 213 
atmosphere (Leng 2014).  214 
2.2.4 Methanogenesis 215 
The three methanogenic pathways; autotrophic (hydrogenotrophic), methylotrophic and 216 
aceticlastic all involve reduction of the methyl group of methyl Co-enzyme M (CH3 – S – CoM) to 217 
CH4, involving numerous cofactors as detailed in Figure 2.2 (Ferry 1992).  In the rumen the 218 
‘autotrophic’ pathway is predominantly reponsible for MP, and involves the reduction of formate or 219 
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CO2, with H2 (CO2 + 4H2 → CH4 + 2H2O) to yield CH4, with the highly favourable Gibbs free 220 
energy change of ∆G°΄= -130.4 kJ/ mol (Figure 2.2; Ferry 1992).   221 
 222 
 223 
Figure 2.2 The pathway of CO2 reduction to CH4 (source: Ferry 1992) 224 
 225 
Acetoclastic methanogenesis is exclusively associated with methanogenic archaea belonging 226 
to the order Methanosarcinales (Fournier and Gogarten 2008) via transformation of acetate by 227 
acetate kinase (acetyl synthetase is the typical enzyme for this reaction in other methanogens) 228 
occurs into acetyl-Co-A. A methyl group is then transferred from acetyl-Co-A into the main 229 
methanogenic pathway at the tetrahydromethanopterin step in Figure 2.2 (Fournier and Gogarten 230 
2008). Acetate is rapidly metabolized in the rumen and this pathway is not considered a significant 231 
contributor of methanogenesis under normal rumen conditions (Hook et al. 2010). The 232 
methylotrophic pathway allows C1 compounds such as methanol, methylamines, and methyl 233 
sulphides to be added directly to the carrier coenzyme M (CoM) via a variety of methyltransferases, 234 
to form CH3 – S – CoM and proceed to CH4 from this step (Figure 2.2). Proposed stoichiometry of 235 
the various methanogenic pathways is detailed in Table 2.1.  236 
 237 
  238 
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Table 2.1 Stoichiometry of methanogenic pathways 239 
Pathway Reaction ∆G°΄ (kJ /mol CH4) 
Autotrophic CO2 + 4H2  CH4 +2H2O -130.4 
Methylotrophic 4CH3OH + H2  3CH4 + CO2 + H2O -104.6  
Methyl reduction CH3OH + H2  CH4 + H2O -113  
Acetoclastic CH3-COO
- + H+  CH4 + CO2 -36  
 240 
Padmanabha et al. (2013) have identified an alternate methylotrophic pathway; 3H2 + (CH3)3-N  241 
3CH4+ NH3, which would produce more CH4 per mole of hydrogen than in other methanogenic 242 
routes, as well as production of NH3-N. The discovery that a large section of previously unclassified 243 
rumen microbiota contributing up to 40% archaeal abundance (Jansenn and Kirs 2008) may be 244 
methylotrophic (Poulsen et al. 2013) emphasises their importance in the rumen.  245 
2.2.5 Alternative Hydrogen sinks 246 
Both nitrate and sulphate can replace HCO3- as an electron acceptor in the rumen in 247 
reactions driven by nitrate reducing bacteria (NRB) and sulphate reducing bacteria (SRB), 248 
respectively. Higher affinity amongst NRB and SRB for H2 than methanogens and favourable Gibbs 249 
free energy changes for the reactions (Nitrate reduction: ΔG°ˊ = -163 kJ /mol; sulphate reduction: -250 
152 kJ/mol) provide competitive hydrogen sinks. In rangeland environments neither compound is 251 
readily available for livestock supplementation. Propionate is highly reduced and provides an 252 
alternate hydrogen sink. Bromochloromethane (BCM) inhibits methanogenesis, and increases H2 253 
concentration (Mitsumori et al. 2012). Elevated H2 is associated with low feed intake and decreased 254 
rumen function, considered a rationale not to inhibit methanogenesis directly (Hook et al. 2010; 255 
Jansenn and Kirs 2008). However, Mitsumori et al. (2012) observed no negative effect on DMI or 256 
DMD and suggested that excess H2 was incorporated into propionate due to altered metabolism of 257 
some rumen bacteria (Prevotella and Selenomonas spp.), despite simultaneous decreases in 258 
cellulolytic Ruminococcus flavefaciens and all species of anaerobic fungi. Recently, Denman et al. 259 
(2015) using samples from Mitsumori et al. (2012), confirmed that propionate had been produced 260 
through the randomizing (succinate) pathway. Microbial cells have a greater reducing potential than 261 
VFAs and potentially complete inhibition of methanogenesis is feasible in environments where 262 
microbial growth is promoted. 263 
Bio hydrogenation of poly-unsaturated fatty acids (PUFAs) and medium chain fatty acids 264 
(MCFAs) also provide a hydrogen sink. However, the reduction capacity of CO2 is far greater than 265 
lipid hydrogenation and other factors, such as negative effects on fibrolytic organisms, protozoa and 266 
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methanogens (Rasmussen and Harrisson 2011) as well as reduced feed intake (Lovett et al. 2003) 267 
are potentially the cause. Oilseeds, canola or cotton have little impact on MP (Chase 2007) and 268 
inclusion rates greater than 6% of unsaturated fats have a negative effect on DMI, fibre digestion 269 
and performance (Chase 2007; Martin et al. 2008). Coconut oil added to three different 270 
forage/concentrate ratios in cattle decreased MP (P <0.001) in animals fed the lowest forage: 271 
concentrate ration. The diet effect was enhanced by the addition of coconut oil (350g/day; Lovett et 272 
al. 2003). Fatty acids have a negative effect on protozoa and protozoa numbers affect MP. Coconut 273 
oil has been shown to decrease the numbers of protozoa in culture (Dohme et al. 1999). Independent 274 
decreases in MP and methanogen numbers (Dohme et al. 1999) regardless of protozoa count has 275 
indicated that MCFA inhibit methanogens directly. Coconut oil decreased protozoa and DMI in 276 
Charolaise heifers when added to one of three experimental diets (Lovett et al. 2003). LWG was not 277 
affected despite depressed NDF digestibility and decreased DMI. Increased energy provided by fat 278 
compensated for the negative effects. Coconut oil contains both lauric acid and myristic acid which 279 
are potent MP suppressants in vitro (Dohme et al. 2001). In vivo, MP is decreased when sheep are 280 
given oleic, linoleic, linolenic (Czerkawski et al. 1966) or myristic acids (Machmüller et al. 2003).  281 
Reductive acetogenesis provides a pathway for acetogenic bacteria to utilize H2 and CO2 to 282 
form acetate. Promotion of this pathway could result in energetic gains of 4 – 12% (Klieve and 283 
Ouwerkerk 2007) which is discussed in detail (Chapter 2.4.2).  284 
2.2.6 Stoichiometry of VFA production 285 
The relative quantities of CO2 and CH4 formed in the rumen are dependent on the 286 
stoichiometry of VFA from carbohydrate fermentation (Ungerfeld and Kohn 2006). Pentoses found 287 
in hemicellulose are fermented to either hexose or triose molecules via the transketolase and 288 
transaldolase reactions of the pentose cycle (Russell and Wallace 1997). Hexoses are catabolised in 289 
the Embden-Meyerhof–Parnas pathway to pyruvate, which under anaerobic conditions is converted 290 
to VFAs or lactate. Acetic acid is produced by decarboxylation of the triose sugar pyruvate 291 
(Hungate 1966) utilising one molecule of H2O and forming one molecule CO2 and one of CH4 292 
(from reduction of hydrogen and CO2). In this manner 420 kcal of the original 673 kcal available in 293 
the hexose sugar are conserved as acetic acid. Butyric acid arises from the condensation of two 294 
acetic acid molecules to form acetoacetic acid which is reduced to butyric acid with four atoms of 295 
hydrogen.  296 
One hexose sugar yields one butyric acid molecule, two CO2 molecules and 2 hydrogen 297 
molecules at an energy equivalent of 524 kcal. Propionate formation proceeds from one hexose via 298 
succinate and uses up two additional hydrogen atoms. Assuming hydrogen is available propionate 299 
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contains more energy than the hexose sugar with 734 kcal per mole (Hungate 1966). If the 300 
quantities of acetic, propionic and butyric acids are known, the theoretical yield of CO2 and CH4 301 
can be calculated. Relative proportions of VFAs change according to diet and environmental 302 
pressures on rumen microbial groups. Typical stoichiometry for fermentation of hexose in the 303 
rumen is presented below according to Wolin (1979): 304 
 305 
57.5 C6H12O6  65 HAc + 20 HPr + 15 HBu + 35 CH4 + 60 CO2 + 25 H2O 306 
 307 
2.2.7 The Rates of Passage 308 
Digestive processes and microbial fermentation of feed material compete against the rate of 309 
passage of feed from the rumen (Van Soest 1982). A major limiting factor of passage rate and by 310 
extension, of voluntary intake, is the rate at which ingested feed can be reduced to particles small 311 
enough to pass out of the rumen; generally agreed as those particles of approximately 1.2 mm 312 
(Martz and Belyea 1986), or passing through a wet sieve of 1.18 mm (Poppi et al. 1985); so that 313 
potentially digestible particles of >1.2 mm are not lost (Van Soest 1982). Rumination is responsible 314 
for the majority of particle comminution and digestive processes contribute as little as 17% in low 315 
quality forages common in the tropics (McLeod and Minson 1988). Particle density, cell wall 316 
percentage, osmotic pressure, and pH all influence the passage of particles through the rumen 317 
(Martz and Belyea 1986). The passage rate of digesta, also known as rumen turnover, dilution rate 318 
and fractional outflow rate (FOR) is to varying extent influenced by chemical composition of feed 319 
(Van Soest 1982; Faichney 1993) and level of feeding above or below maintenance (Grimaud et al. 320 
1999; Voigt et al. 2000). In turn, passage rate exerts a strong influence on fibre digestibility and 321 
microbial community composition in the rumen (Van Soest 1982) with short retention times 322 
exerting selection pressure on fast growing microbes.   323 
2.2.4 Forage quality effects on voluntary intake and passage rate 324 
As forage plants mature there is a natural decline in nutritive value due to an increase in 325 
stem to leaf ratio and increased lignification and silica formation in the cell wall which presents an 326 
indigestible barrier to micro-organisms (Van Soest 1982; Minson 1990). A positive relationship 327 
exists between mean retention time (MRT) and fibre digestibility (Thornton and Minson 1973; Van 328 
Soest 1982; McCollum and Galyean 1985; Minson 1990; Voigt et al. 2000), however, this 329 
relationship may not be supported when feeding levels are below maintenance. Grimaud et al. 330 
(1999) observed a substantial decrease in DM digestibility (63% to 54%) in Zebu cows fed a 331 
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restricted diet at a third of maintenance, although no modification of MRT accompanied the change. 332 
These feeding levels are very low (1.3 kg/d) and potentially other physiological factors associated 333 
with under nutrition contributed. For cattle fed a diet consisting of rye grass (Lolium perenne), 334 
straw, beet pulp, wheat and barley, Voigt et al. (2000) observed a decrease in MRT of 32 h to 24 h 335 
as feeding level increased to twice maintenance levels and a corresponding reduction in digestibility 336 
was observed by up to 10%. In the tropics, dry season forages can contain CP levels as low as 20 g/ 337 
kg DM and DMD < 55% and Costa et al. (2013) observed an increase in MRT of dry season black 338 
speargrass (Heteropogon contortus) compared with similar tropical grasses harvested during the 339 
wet season. Proportion of cell wall is a major determinant of digestibility depression and an average 340 
forage diet has a cell wall retention time of 40-50 h (Van Soest 1982). Increased intake can reduce 341 
retention times by almost half in sheep (Van Soest 1982). This data is similar to the findings of 342 
Lechner-Doll et al. (1990) who observed that cattle grazing tropical forages in Kenya had longer 343 
MRT for both particle phase (+17.9%) and fluid phase (+35.2%), during the dry season compared 344 
with the wet (green) season. The longest fluid retention time (18 h) was observed in the last week of 345 
the dry season compared with 9 h at the end of the ensuing green period and corresponded to an 346 
increase in forestomach volume of 15.7 L compared with 11.2 L / 100 kg LW (Lechner Doll et al. 347 
1990).   348 
The proportion of leaf to stem also influences digestibility. Cattle selectively consume 349 
greater quantities of leaf (Hendricksen et al. 1981; McLeod et al. 1990) even when digestibility of 350 
stem is similar, potentially due to faster rate of passage of NDF through the rumen (Poppi et al. 351 
1985). While the leaf component of the diet has a higher potential digestibility, McLeod et al. 352 
(1990) observed that the leaf fraction of green panic (Panicum digitaris) was less digestible (51% 353 
vs. 59%; P<0.05) than the stem fraction, although the total digestible intake of the leaf was greater 354 
(3.65 kg vs. 1.94 kg per day). These authors also observed that the apparent retention time of stem 355 
was 65% (P<0.01) compared with leaf and associated with a 44% (P<0.01) decrease in voluntary 356 
intake suggesting that decreased digestibility is a function of increased FOR. 357 
Voluntary intake is influenced by the quantity of DM in the rumen, affected by both amount 358 
of digesta and packing density of the particles (Thornton and Minson 1973). Range-fed cattle 359 
consume bulky forage diets with comparatively low DE content. Intake under these conditions is 360 
influenced by the physical factors of rumen fill and gut distension (Allison 1985). High DMI has 361 
been associated with faster FOR in models of steers fed 100% lucerne (Benchaar et al. 2001). The 362 
change in FOR, is in part caused by the displacement of volume caused by ingestion of new 363 
material (Van Soest 1982) but legumes also appear to have an inherently greater FOR regardless of 364 
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digestibility which Thornton and Minson (1973) have speculated that this is due to the tighter 365 
packing of partially digested legume DM in the rumen.  366 
2.2.6 Passage rate and the microbiota  367 
Fibrous fractions, neutral detergent fibre (NDF), acid detergent fibre (ADF) and lignin are 368 
associated with slower passage rates which favour slow growing micro-organisms. Fungi also play 369 
a significant role in the fermentation of low quality forages due to greater MRT allowing hyphae to 370 
penetrate the fibrous material and complete the life cycle. Fungal penetration lacerates cell walls 371 
which provide a foothold for bacteria to access the more fermentable material within and 372 
intermediary metabolites from fungal metabolism fuel bacterial metabolism. Organisms with a 373 
faster growth rate have a competitive advantage when rate of digesta is accelerated (Van Soest 374 
1982; Dehority 2003). Methanogens have a long doubling time and it has been argued that longer 375 
retention times favour their growth and increased MP (Benchaar et al. 2001). However, Jansenn 376 
(2008) demonstrates that as rumen outflow rate increases, dissolved H2 gas in the rumen fluid 377 
increases and the rate of methanogensis also increases. A large pool of organisms growing at a slow 378 
rate use ATP less efficiently than a small pool of micro-organisms growing at a fast rate (Preston 379 
and Leng 1987). Preston and Leng (1987) noted that the only organisms responding to a change in 380 
passage rate are in the fluid phase. Fibrolytic organisms in the liquid phase are only those caught 381 
transitioning between digesta particles and their washing out is detrimental (Van Soest 1982). 382 
Although, overall protozoa populations increase as soluble compounds increase, there is an inverse 383 
relationship with passage rate (Jouany 1989). 384 
2.2.8 Nitrogen precursors and microbial protein  385 
Microorganisms, particularly cellulolytic species generate cellular amino acids from NH3-N 386 
and NPN. Therefore, ruminants do not have an absolute requirement for dietary CP, due to 387 
absorption and utilization of MCP washing out of the rumen in both fluid and particulate dilution. 388 
When low quality forage forms a large portion of the diet as in the northern rangelands of Australia, 389 
MCP provides up to 100% of protein supply (Poppi and McLennan 1995; Karsli and Russell 2001; 390 
McDonald et al. 2011). However, amino acid composition of microbial cells is consistent, and 391 
providing additional AA to the duodenum improves production gains (Poppi and McLennan 1995). 392 
To optimize flow of MCP to the duodenum the supply of N precursors; amino acids, peptides, non-393 
protein nitrogen (NPN), or true protein should be matched with sufficient energy (ATP) for optimal 394 
microbial metabolism and cellular synthesis. Synthesis and efficiency of MCP production, depends 395 
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on the extent and rate of fermentation of the readily and slow fermentable carbohydrates, 396 
availability of nitrogen and key amino acids and dilution rate. 397 
Low dietary CP results in low ruminal conversion of protein N to ammonia. As rumen 398 
ammonia concentration increases MCP reaching the duodenum also increases, up to 50 mg/L 399 
ammonia (Roffler and Satter 1975). Above this the capacity of ammonia utilisers to effectively 400 
grow and synthesise MCP is exceeded. Ammonia concentrations of 37 mg/L in steers fed Digitaria 401 
eriantha (Pangola grass) hay (CP 8.5%) were related to decreases in apparent DMD, intestinal 402 
OMD and total tract OMD (P<0.001; Kropp et al. 1977). Similarly, steers grazing Bouteloua 403 
gracilis (Blue Grama grass) where CP decreased from 184 to 117 g/kg DM had rumen ammonia 404 
concentration decreasing from 185 to 65 mg/L (McCollum et al. 1985).  Playne and Kennedy 405 
(1976) also found a 51% decrease in ruminal ammonia concentrations in steers grazing tropical H. 406 
contortus pasture during a wet to dry season transition in northern Australia. Branched chain 407 
VFA’s, are positively related to ammonia concentrations, reflecting availability of specific amino 408 
acids in pasture (McCollum et al. 1985; Playne and Kennedy 1976).  409 
When dietary CP is low (<9% DM), addition of NPN to the diet increases MCP synthesis 410 
and improves liveweight gain (LWG; Roffler and Satter 1975). Further increases in LWG are 411 
possible if true proteins (soy bean meal/ copra meal) or amino acids are supplied which 412 
demonstrates a true protein requirement for optimal microbial growth (Kropp et al. 1977; Satter and 413 
Roffler 1977; Karsli and Russell 2001). Supplementation with NPN such as urea and a form of 414 
fermentable energy reduces dry season mortality and weight loss (Winter 1991) and in the 415 
rangelands, sources of N, P and S are commonly supplemented (Bortolussi et al. 2005).  416 
2.2.9 The rumen microbes  417 
2.2.10 Rumen microbial techniques 418 
Culture methods to identify bacteria are based on a combination of Gram stain reaction, 419 
morphology, growth in a series of differential media and subsequent phenotypic colony assessment 420 
(Hungate 1966; Krause and Russell 1996; Dehority 2003). Modern molecular approaches now 421 
allow unambiguous differentiation based on genetic sequence similarity, have standardised 422 
taxonomic classification, promoted progress in evaluating microbial diversity, and have developed 423 
understanding of evolutionary relationships and identification of uncultured organisms (Deng et al. 424 
2008). It is now recognised that only an estimated 2-31% of sequences show similarity to 425 
traditionally cultivated species (Kobayashi 2006; Kim et al. 2011b). 426 
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Molecular techniques focus on the 16S small subunit ribosomal RNA (SSU rRNA) gene in 427 
prokaryotes and the 18S gene in eukaryotes. The genes encoding rRNA, referred to as 16S DNA are 428 
~1500 bp in length with a high degree of evolutionary conservation. The extraction of gDNA; from 429 
rumen contents (solid and fluid) and subsequent amplification of the target 16S gene using PCR, 430 
provides a common platform for microbial community analysis (Krause and Russell 1996). 431 
Comparison of the conserved, variable and hypervariable regions in the sequence of this gene 432 
marker can taxonomically group organisms based on an accepted sequence similarity of ≥ 97% and 433 
95% at the species and genus levels respectively (Petrosino et al. 2009; Kim et al. 2011a). Figure 434 
2.3 shows the complete 16S rRNA sequence and the variable regions, V1-V9. While 16S ribosomal 435 
RNA (rRNA) gene is a common phylogenetic marker, methyl co enzyme M reductase is specific to 436 
and common amongst all methanogenic Archaea (Paul et al. 2012; Gaci et al. 2014). The gene 437 
(mcrA) encoding for the alpha subunit of this enzyme is an alternate functional marker to 438 
investigate phylogenetic diversity of methanogens in the rumen (Paul et al. 2012; Poulsen et al. 439 
2013; Gaci et al. 2014) and shows congruence with 16S based phylogeny (Gaci et al. 2014).  440 
 441 
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 442 
Figure 2.3 Region map of the 16S small subunit ribosomal RNA gene 443 
 444 
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2.2.10.1 The role of rumen bacteria 445 
Bacteria are the most numerous (~95%) of the rumen microflora (Brulc et al 2009) and are 446 
traditionally grouped according to preferred substrate (amylolytic, cellulolytic, proteolytic, 447 
lipolytic), although many species are non-specialised, degrade several substrates or alternate their 448 
metabolism depending on rumen conditions. Bacteria can also be described according to 449 
environmental niche; free living bacteria in the liquid or fluid phase, particle associated (both 450 
loosely and firmly adhered), those associated with the rumen epithelium (epimural) and those 451 
forming attachments to protozoa or fungi (endo/exo- symbionts; Dehority 2003; Petri et al. 2013a).  452 
The bacterial community appears to maintain a core population within individual animals (Brulc et 453 
al. 2009; Jeyanathan et al. 2011; Petri et al. 2013b) regardless of sampling time or location in the 454 
rumen (Lodge-Ivey et al. 2009; Li et al. 2012) and despite recognition of genetic and environmental 455 
effects, diet is still thought to be the major determinant of rumen microbial ecology (Tajima et al. 456 
2001; Fernando et al. 2010). 457 
However, variation in rumen microbial communities between individuals fed the same diet 458 
has also been recognised (Warner 1962) and recent trials report greater differences between 459 
individuals fed the same diet than between different diets (Brulc et al. 2009). An assessment of 460 
rumen microbiota between 16 dairy cows fed and housed identically for 6 weeks revealed that less 461 
than ~4% of species level OTU’s were shared between all 16 animals (Jami and Mizrahi 2012). 462 
Relative abundance of common genera ranged from 0.1% to 50% between individuals indicating 463 
that while a common core exists its’ relative functional importance varies. A common core extends 464 
to epimural bacteria with 21% of OTU’s common amongst eight heifers (Petri et al. 2013b). 465 
Overall, research describing the rumen microbiota, as determined by molecular methods indicates 466 
that the phyla Firmicutes and Bacteroides have the greatest relative abundance in the rumen. 467 
Species from these two phyla comprise ~90% OTU’s in a number of trials and a 2010 meta-analysis 468 
of the public sequence repositories (Morrisson et al. 2009; Kim et al. 2011b; Jami and Mizrahi 469 
2012).   470 
Cellulolytic bacteria 471 
The processing of large volumes of plant fibre into valuable metabolites for the host is 472 
considered the primary function of the rumen microbiota, particularly in tropical rangeland grazing 473 
situations. Cellulose and hemicellulose are the key energy sources for cattle in these environments. 474 
Microbial cellulases degrade the β 1-4 linkages between glucose residues of cellulose to its 475 
intermediate product, cellobiose, and ultimately to free glucose (Koike and Kobayashi 2009). 476 
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Hemicellulose is a heterogeneous compound largely composed of xylan (linked β 1-4 xylose 477 
residues) with occasional xylan substitutions for other glucosyl, acetyl or arabinosyl residues 478 
(Koike and Kobayashi 2009). The degree to which these polymers are enmeshed with lignin 479 
phenolic compounds determines their accessibility to microbial enzymatic degradation. Capacity for 480 
adherence to substrate, and formation of cellulosome like enzyme complexes with substrates are 481 
important to allow maximal interaction and effective degradation of forage substrates (Suen et al. 482 
2011). Investigation of the Fibrobacter succinogenes genome has revealed genes encoding a set of 483 
highly specialised glycosidic hydrolases and it does not form a cellulosome (Suen et al. 2011). F. 484 
succinogenes exhibits superior efficiency in cellulose degradation compared with other cellulolytic 485 
bacteria (Ransom-Jones et al. 2012). 486 
Prior to 16S techniques, cellulolytic bacteria were synonymous with the dominant 487 
cultivatable species; F. succinogens, Ruminococcus albus and Ruminococcus flavefaciens (Koike 488 
and Kobayashi 2001; Dehority 2003). While the latter two are both obligate anaerobes, Gram 489 
positive, H2 producing, cocci; F. succinogenes is a Gram negative rod which does not produce H2 490 
(Morrison and Miron 2000; Dehority 2003). Most cellulolytic bacteria have an obligate requirement 491 
for CO2 and ammonia (NH3) as well as branched chain VFAs (Dehority 2003; Aluwong et al. 2010) 492 
for growth. At low pH (< 5.5) F. succinogens is unable to grow or utilise glucose (Chow and 493 
Russell 1992; Dehority 2003). Molecular typing methods indicate that F. succinogens, R. 494 
flavefaciens and R. albus are found at low relative abundance (0.2 – 6.4% total 16S rRNA) in rumen 495 
fluid (Firkins and Yu 2007; Stevenson and Weimer 2007; Jami and Mizrahi 2012) considering their 496 
widely accepted central role in fibre digestion (Koike and Kobayashi 2001). Firkins and Yu (2007) 497 
have reported an upper limit of 5- 6.4% relative abundance for F. succinogenes for steers 498 
consuming only orchard grass (Dactylis glomerata).  499 
 Butyrivibrio fibrosolvens, Eubacterium cellulosolvens and Clostridium spp. also contribute 500 
to fibre degradation in the rumen (Dehority 2003). B. fibrosolvens degrades both hemicellulose and 501 
to a lesser extent cellulose (Dehority 2003) and has the capacity to utilise a wide variety of sugars, 502 
starch and protein. Due to this versatility, species showing sequence similarity to B. fibrosolvens 503 
often exceed F. succinogens and Ruminococcus spp. in phylogenetic studies (Koike et al. 2003). 504 
Prevotella spp. are dominant in phylogenetic studies of the rumen (Kim et al. 2011b). The type 505 
strain P. ruminocola has degrades a variety of substrates including pentoses, hemicellulose and to a 506 
limited extent cellulose (Dehority 2003). Prevotella spp. are also proteolytic. 507 
Amylolytic, proteolytic and lipolytic bacteria 508 
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Despite the importance of fibre digestion in grazing ruminants, anaerobic fermentation is a 509 
synergistic process. Amylolytic bacteria hydrolyse α-1, 6 and α-1, 4 linked glycosyl residues of 510 
amylopectin and amylose in starch, into maltose units which can be utilised by a range of 511 
prokaryotic species. Starch provides a carbon source to many species including Ruminococcus 512 
amylophilus, P. ruminocola, B. fibrosolvens, Streptococcus bovis, Eubacterium ruminantium and 513 
Clostridia spp. (Dehority 2003). In plants, starch granules are protected by the pericarp, endosperm 514 
and protein matrix of the seed head. Disruption of these barriers either by mastication or proteolytic 515 
action is necessary to access the granule (Dehority 2003) with amylolytic species predominant in 516 
animals fed cereal grain rations P. ruminocola, B. fibrosolvens, S. bovis and Clostridia spp. (Tajima 517 
et al. 2000). Some amylolytic bacteria are also proteolytic. B. fibrosolvens, despite making up a 518 
lesser proportion of the microbiota has a proteolytic capacity far exceeding S.bovis (Attwood et al 519 
1995).   520 
Lipid substances found in forages (sulfolipids, galactolipids and phospholipids) are utilised 521 
by B. fibrosolvens while triglycerides and free fatty acids are hydrolysed to glycerol by 522 
Anaerovibrio lipolytica (Dehority 2003). Intermediary metabolites produced during anaerobic 523 
fermentation are utilised by secondary fermenters, Selenomonas ruminantium and Megasphaera 524 
elsdenii. M. elsdenii converts lactate and glucose to propionate or valerate (Marounek et al. 1989), 525 
while S. ruminantium grows on glucose or lactate and has the capacity to produce lactate (from 526 
glucose) acetate and propionate (Dehority 2003). Both species play a role in controlling rumen pH 527 
(Russell 2002).  528 
2.2.11 Eukaryotes;  529 
2.2.11.1 Protozoa  530 
Rumen protozoa belong to the genus’ Entodinium, Diplodiniium, Dasytricha, Isotricha and 531 
Epidinium (Dehority 2003). Entodinium is the smallest and most predominant genus across all 532 
different diets in cattle and sheep (Williams and Coleman 1992; Dehority and Orpin 1997; 533 
Franzolin and Dehority 2010). In cattle consuming tropical chopped grass (ad libitum Panicum 534 
maximum) the genus Entodinium comprised 96.2% with smaller proportions of Diplodinium (3.8%) 535 
and Isotricha (< 0.1 %). Total protozoan concentrations of 2.18 x 104 /mL have been reported 536 
(Franzolin and Dehority 2010) making them the second largest microbial population in the rumen 537 
after bacteria.  538 
Protozoa are amylolytic, although, if excess grain fermentation induces a pH less than 6, a 539 
negative effect on protozoan numbers, particularly Entodinium is observed (Dehority 2003). 540 
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Maximal protozoan concentrations are observed in cattle fed 40 – 60 % grain rations (Preston and 541 
Leng 1987). Low pH is rare in forage fed cattle, but the leaves of some tropical browse such as 542 
Sesbania sesban can have a negative effect on protozoal numbers linked to the antiprotozoal effect 543 
of some plant secondary compounds (Newbold et al. 1997).  544 
Engulfed bacteria are the primary source of nitrogenous compounds for protozoa and are 545 
competition for starch and soluble carbohydrate substrates. In almost all cases, bacterial numbers 546 
increase when animals are defaunated due to the predation of protozoa on bacteria, which has the 547 
added benefit of increasing MCP and rumen undegraded protein passing into the duodenum 548 
(Hegarty 1999; Bird et al. 2008). Protozoa produce H2 enabling endo- and an exo- symbiotic 549 
relationship with methanogens, particularly when H2 in the broader rumen environment is low, or 550 
immediately after feeding. Inhibition of protozoa, using chemical agents or plant secondary 551 
compounds interrupts H2 production and is the mechanism for decreased MP (Martin et al, 2008).  552 
Dry season forages in the northern rangelands are low in fermentable carbohydrates and CP. 553 
Similar grazing conditions are associated with a decline in protozoa and have been documented in 554 
deer (Dehority and Orpin 1997) and cattle (Martinele et al. 2010) but ciliate protozoa increased 555 
marginally in Svalbard reindeer grazing low quality winter forage (Sundset et al. 2009). 556 
Undernutrition or starvation of sheep even for a short period (4 d) dramatically decreases protozoa 557 
populations and periods up to 53 d are required for populations to recover (Warner 1962). In cattle, 558 
Akin and Amos (1979) showed that Epidenia preferentially attacked temperate C3 rather than 559 
tropical C4 ingested forage leaves and the soluble carbohydrates available in C3 temperate forages 560 
can increase protozoal numbers in the fluid phase. These data suggest that dry season populations of 561 
protozoa would be decreased in Australian cattle, however there is very little in the literature 562 
examining the effect of advancing forage maturity and low DM intakes on protozoal numbers in the 563 
sub-tropics typical of northern Australia. 564 
2.2.11.2 Fungi  565 
Anaerobic rumen fungi colonise and penetrate lignified fibre that is otherwise recalcitrant to 566 
bacterial enzymes (Preston and Leng 1987; Krause et al. 2003). Low DMD and high lignification 567 
are associated with increased fungal populations as long rumen residence times observed in cattle 568 
consuming low quality forages (Lechner Doll et al. 1990) creates a favourable environment for the 569 
slow lifecycle of fungal species (Bauchop et al. 1979). Although the number of novel taxa 570 
extricated by molecular means are poorer for fungi compared with bacteria, some novel clades have 571 
emerged in forage fed cows which only had one fungal 18S OTU in common with the three major 572 
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sequence repositories. This suggests that fungal diversity is greater amongst forage fed animals 573 
(Fouts et al. 2012).  574 
2.2.12 Archaea 575 
Strictly anaerobic methanogenic archaea comprise ~1% of total rumen microbiota. Seven 576 
orders of methanogenic archaea have been identified globally, and species from four of these 577 
orders, Methanobacteriales, Methanomicrobiales, Methanosarcinales and Methanomassiliicoccales 578 
have been isolated from the rumen (Thauer et al. 2008; Hook et al. 2010; Poulsen et al. 2013). The 579 
Methanomassiliicoccales are a seventh order (Paul et al. 2012), known previously as a clade within 580 
rice cluster III (RCIII), Rumen Cluster C (RCC; Jansenn and Kirs 2008), Thermoplasmata affiliated 581 
lineage (TAL; Jansenn and Kirs 2008) and Methanoplasmata (Paul et al. 2012; Poulsen et al. 2013).  582 
Metabolism in methanogens is limited to the production of methane from a variety of substrates to 583 
yield ATP but the most common substrates are CO2 and H2. All methanogens require the co-factors 584 
ferredoxin F420 and co-enzyme M (Thauer et al. 2008). The latter is responsible for the terminal 585 
methylation of hydrogen to form methane (Hook et al. 2010). The growth yield of methanogens in 586 
grams of dried cells per mole CH4 (YCH4) is dependent on differences in the electron carrier 587 
apparatus (Thauer et al. 2008). Methanogens containing cytochromes prefer pH2 to be >10 Pa while 588 
those without cytochrome structures, prefer low pH2 (<10 Pa), have greatly accelerated doubling 589 
times (as low as 1 h) and exhibit YCH4 of up to 3 g per mole of CH4 (around 50% that of those with 590 
cytochromes; Thauer et al. 2008).  591 
Cultured methanogens account for ~1.9 % of all rumen methanogens identified in sequence 592 
repositories (Kim et al. 2011b) and none of the Methanomassiliiococcales have been cultured 593 
axenically (Qi et al. 2014) or from the rumen (Poulsen et al. 2013). Successfully cultured 594 
methanogenic species include Methanobrevibacter ruminantium, Methanosarcina barkeri, 595 
Methanobacter spp., Methanobacterium formicum and Methanomicrobium mobile (McCallister et 596 
al 1996; Dehority 2003).  597 
The majority (~61%) of known methanogenic sequences in the rumen show a high degree of 598 
similarity with the hydrogenotrophic genus Methanobrevibacter (Janssen and Kirs 2008) occurring 599 
at ~106 cells / mL rumen fluid (McCallister et al. 1996). Individual studies support these estimates 600 
with M. ruminantium and M. gottschalki combined accounting for > 60% of archaeal sequences in 601 
dairy and beef cows fed silage, hay, or pasture (Kittelman et al 2013) and M. ruminantium 602 
comprising 58% of 16S clones from dairy cows fed a total mixed ration (TMR) including soybeans, 603 
corn silage and lucerne hay (Whitford et al. 2001). Jarvis et al. (2000) suggest that the dominance of 604 
Methanobrevibacter may be a function of diet type and they did not find Methanobrevibacter in 605 
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grazing cattle. However, these authors used serial enrichment cultures over several days to isolate 606 
rumen methanogens from the rumen liquor of grazing cattle and only three isolates 607 
Methanomicrobium mobile, Methanosarcina spp. and Methanobacterium were sequenced. Given 608 
the known paucity of Methanosarcina in rumen fluid (Kittelman et al. 2013) there is potential that 609 
in vitro conditions selected for these populations and they are not representative of methanogens in 610 
grazing cattle. Subsequent studies using molecular community analysis confirm that 611 
Methanobrevibacter spp. dominates rumen samples from Bos indicus cattle across a range of forage 612 
diets (Ouwerkerk et al. 2008). 613 
Rumen cluster C (RCC) contains are largely uncultured organisms which are 614 
phylogenetically grouped with methanogenic archaea due to the presence of the mcrA gene 615 
(Poulsen et al. 2013). A meta-analysis of 14 studies revealed that sequences grouping with RCC 616 
average ~15.8% of total Archaeal sequences from the rumen (Janssen et al. 2008) and in some 617 
cattle can reach 62.9 %  total (Huang et al. 2012). They are amongst the most highly abundant 618 
archaeal OTUs in New Zealand sheep (Seedorf et al. 2015) and have been detected in liquid, 619 
particle and epithelial fractions of the bovine rumen (Pei et al. 2010). A number of 620 
Thermoplasmatales affiliated isolates have been cultivated; Methanomassiliicoccus luminyensis 621 
from human faeces (Paul et al. 2012), Candidatus Methanomethylophilus alvus from the human gut 622 
(Borrel et al. 2012) and Methanoplasma gallocaecorum strain DOK-1 from chicken intestine 623 
(Padmanabha et al. 2013). Direct anexic culture of RCC organisms from the rumen has been 624 
unsuccessful but a novel species has been confirmed in close association with fungal subcultures 625 
based on the presence of mcrA genes (Jin et al. 2014). Evidence for the methylotrophic nature of the 626 
Methanomassiliicoccales is supported by the discovery that the three genomes isolated from human 627 
and chicken gastrointestinal tracts have the capacity to encode for the proteogenic amino acid, 628 
pyrrolysine (Pyl) derived from lysine and first discovered in Methanosarcinae (Paul et al. 2012; 629 
Borrel et al. 2012; Gaci et al. 2014). Pyrrolysine is an essential component of the catalytic site of 630 
the methyltransferase enzyme involved in methylotrophic methanogenesis from monomethylamine 631 
(MMA), dimethylamine (DMA) and trimethylamine (TMA; Gaci et al. 2014). The mtmB, mtbB and 632 
mttB genes encoding these respective methyltransferases are present in the genomes of the three 633 
species (Gaci et al. 2014).  634 
Methanosarcinales spp., grow on acetate, methylamines, di-methylamines, tri-635 
methylamines, methylsulfides and methanol. Methanosarcina barkeri also grow on CO2 and H2 but 636 
at a much slower rate in comparison to other methanogens (Madigan et al. 2003). The use of 637 
cytochromes as an electron carrier system can increase YCH4 from Methanosarcinales spp. by 81% 638 
but doubling times are increased to greater than 10 h when acetate is the primary substrate (Thauer 639 
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et al. 2008). Methanosarcina spp. make up 2-3% of total archaeal abundance (Janssen and Kirs 640 
2008) but are thought to have little, to no contribution to methanogenesis in the rumen due to the 641 
rapid absorption and metabolism of acetate across the rumen epithelial wall into the blood 642 
(Bergman 1990; Hook et al. 2010) and their slow growth rates reduce competitiveness with even 643 
moderate rumen outflow rates. However, small numbers of Methanosarcina spp. do populate the 644 
rumen, potentially utilising methylamines and methanol to permit growth rates fast enough to keep 645 
pace with rumen outflow (Zinder 1993). The slower passage rates observed in deer appear to 646 
provide adequate time for substantial populations of Methanosarcina to develop (Jeyanethan et al. 647 
2011; Kittelman et al. 2013) with Kittelman et al. (2013) reporting 12.2% of total archaeal 648 
sequences aligning with this group.  649 
Members of all rumen methanogenic orders have been associated with rumen protozoa but 650 
predictably representatives from Methanobacteriales and Methanomicrobiales are most commonly 651 
associated (Ushida and Jouany 1996) due to their prevalence in the rumen. Protozoa associated 652 
methanogens have been shown to increase in numbers from 100 to 104 after feeding and are a 653 
combination of methanogens engulfed by protozoa and free living methanogens attracted to 654 
protozoal H2 production (Ushida 2010). Methanogens have also been associated with the H2 655 
producing anaerobic fungi Neocallimastix frontalis (Hook et al. 2010) and M. ruminantium is 656 
positively correlated with bacterial species in the phylum Fibrobacteriaceae while M. gottshalki is 657 
similarly correlated with members of Ruminococcus spp. (Kittelman et al. 2013). These two phyla 658 
of rumen bacteria harbor key cellulolytic species that produce formate and H2, respectively, and 659 
these correlations are indicative of the syntrophic relationships surrounding interspecies H transfer 660 
in methanogenesis. 661 
 662 
2.3 Factors affecting methane production in cattle 663 
2.3.1 Diet composition and methane emissions 664 
Diet has a profound effect on the rumen microbiota (Tajima et al. 1999), and it is known that 665 
methanogen ecology is also affected by diet (Jeyanathan et al. 2011, Kittelman et al. 2013; Seedorf 666 
et al. 2015) potentially due to indirect influence of fermentation patterns on H2 supply (Seedorf et 667 
al. 2015). A diurnal effect on MP is observed, with peaks following feeding periods (Gao et al. 668 
2011) and patterns of MP measured by open path spectroscopic / backwards langrangian stochastic 669 
(bLS) dispersion models indicate that emissions from steers grazing Rhodes grass (Chloris gayana) 670 
exhibit peaks pre-dawn, mid-afternoon and late evening (Charmley et al. 2012) in tandem with 671 
recognized grazing behaviour (Minson 1990).  672 
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Czerzwaski and Breckenridge (1969), used methane data from artificial rumen fermentation 673 
of 53 feeds, and reported that the total quantity of carbohydrate fermented determined total MP per 674 
g OM fermented and carbohydrate type was irrelevant. Structural carbohydrates potentially produce 675 
three times more CH4 compared with fermentable carbohydrates, calculated as the neutral detergent 676 
solubles less the ether extract and crude protein (Moe and Tyrell 1979). Therefore, inclusion rates 677 
of cellulose and hemicellulose have a greater influence on MP than non-structural carbohydrates 678 
(Hook et al. 2010). However, the rate of utilization of soluble sugar substrates is correlated to rate 679 
of production of VFA and CH4 (Czerwaski and Breckenridge 1969) and Ellis et al. (2012) have 680 
demonstrated that a 40 – 60 g/kg DM in water soluble carbohydrates (WSC) increases CH4 g/d. The 681 
influence of the carbohydrate fraction on MP is clearly apparent in the work of Dong and Zhao 682 
(2014) who found strong regression relationships (R2 = 0.81) of in vitro MP at 48 h, with all 683 
fermentable carbohydrate parameters of the Cornell Net Carbohydrate and Protein System 684 
(CNCPS).  685 
In contrast, at a pH of 6 to 6.5, which is similar to the forage fed rumen; Dijkstra et al. 686 
(2012) found that more methane is produced from fermentation of soluble carbohydrates, than 687 
starch or cell wall carbohydrates (hemicellulose and cellulose). Dijkstra et al. (2012) also found 688 
methane to be comparable when soluble carbohydrates and cell wall carbohydrates were 689 
independently fermented at pH 5.5 to 6; but soluble carbohydrates produced less methane at pH 5.5 690 
or lower. Moe and Tyrell (1979), in perhaps one of the most comprehensive metabolism crate 691 
datasets measuring MP from predominantly dairy cattle; observed that although inclusion of 692 
carbohydrate type in the model improved resolution of regression relationships at levels of intake 693 
above 1.5 times maintenance, at intakes 1.5 and under, simple models using DMI and apparent 694 
CHO digestibility, performed equally as MP predictors. Dry matter intake ranged from 2.7 – 22.9 695 
kg/d and all the diets used were temperate forage or mixed grain diets. In another key paper 696 
concerning methane relationships to intake and feed type, Blaxter and Clapperton (1965) also 697 
determined through meta-analysis of several experiments with cattle and sheep that an increase in 698 
feeding level of poor quality feeds with low apparent digestibility had little effect on CH4 699 
production. Kennedy and Charmley (2012) also factored intake as a function of maintenance 700 
energy, into their experimental diets, all of which were based on tropical grasses, and while a strong 701 
regression relationship (r2 = 0.87) was observed between DMI and MP at the relatively constant 702 
value of 19.6 g CH4 g/ kg DMI, level of intake relative to maintenance was not a factor in MP. Moe 703 
and Tyrell (1979) did state that in non-lactating adult animals that DMI was a sufficient predictive 704 
tool, and that appears to be supported by the data of Kennedy and Charmley (2012) for growing Bos 705 
indicus beef steers consuming tropical diets.  706 
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2.3.2 Forage quality and methane production 707 
Readily fermentable carbohydrate consumption promotes higher propionate production, 708 
lower pH and decreased acetate/propionate ratio, in grain based diets (McAllister et al. 1996). 709 
However, the depressive effect of these carbohydrate fractions on MP is also apparent in forage fed 710 
animals, as steers grazing early season temperate pastures lose up to 44% less energy as CH4 711 
compared with steers grazing mature pasture (P<0.01; Boadi et al. 2002). Substantial seasonal 712 
changes in forage composition, particularly in fermentable OM and CP content during dry season or 713 
winter months, is the most critical concern for rangeland cattle productivity. The dry season 714 
imposes limitations both in terms of DM availability and quality, and voluntary intake of cattle is 715 
inhibited. Forage quality is a subjective term generally associated with stage of growth in the plant 716 
(Van Soest 1982), and effect of forage quality on MP in the literature is variable. Blaxter and 717 
Clapperton (1965) determined that poor quality feeds with low apparent digestibility and increase in 718 
feeding level had little effect on MP expressed as a % intake, but when cattle were fed high quality 719 
feeds, increasing feeding level led to a decrease in fractional CH4 loss in kJ/ 100 kJ feed digested. 720 
Therefore, while improvement in fermentable OM generally leads to increased daily MP, fractional 721 
CH4 losses per kg OM or DM digested are decreased (Boadi and Wittenberg 2002; Kurihara et al. 722 
1999; Kennedy and Charmley 2012). Boadi and Wittenberg (2002) observed that cattle offered high 723 
and medium quality forage (62 and 51 % OMD respectively), had higher DMI (9.7 and 8.9 kg) and 724 
subsequently lower fractional loss of CH4 (48 and 64 L CH4 /kg DMD) compared with low quality 725 
forage (38.5% OMD; 6.3 kg DMI; 83.2 CH4 L /kg
 DMD; respectively P<0.01). However, when fed 726 
ad libitum cattle consuming high and medium quality forages had greater daily MP than cattle 727 
consuming low quality forage. When intake was restricted to 2% LW, cattle consuming low quality 728 
forage produced 25% more methane than the mid or high quality forage (Boadi and Wittenberg 729 
2002).  730 
In contrast, Pinares-Patiño et al. (2003) reported no change in MP for beef cattle grazing 731 
mono-specific Timothy (Phleum pratense) pasture at increasing stages of maturity, despite the large 732 
decline in CP (31.4 – 4.4% DM) and increase in NDF (52.6 – 74.6% DM), evident between the 733 
early vegetative stage through to senescence. Similarly, McCaughey et al. (1999) observed no 734 
changes in MP between steers grazed on mixed grass/ legume pasture regardless of grazing 735 
management. Methane production was low in this trial (4.5%) compared with typical values for 736 
grass forage (6.5%; IPCC 2007). Potentially these steers were already at the lower end of the MP 737 
range for forage fed animals and resistant to further management improvement. In contrast, New 738 
Zealand dairy cows grazing temperate pastures in spring, produced more methane per day than the 739 
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same animals grazing winter pasture (September; 430 g/d, November; 247 g/d; March; 181 g/d and 740 
June; 131 g/d; Ulyatt et al.  2002a). However, in this case, peak MP aligned with peak lactation 741 
(September) and potentially the vastly increased DMI of lactating cows obscures effects of forage 742 
quality alone. 743 
Methane production in Bos indicus cattle fed the tropical forages, Angleton grass 744 
(Dicanthium aristatum) or C. gayana was initially thought to be 10.4 and 11.4% of GEI (Kurihara 745 
et al.1999) compared with cattle consuming temperate forages (~6.5% GEI; IPCC 2007). These 746 
values are at the upper end of nearly all cited ranges for enteric fermentation (2 - 12% GEI; Johnson 747 
and Johnson 1995, IPCC 2006) and recently have been questioned by Kennedy and Charmley 748 
(2012) who reported methane ranges in Bos indicus steers to be between 5 and 7.2% GEI. Kennedy 749 
and Charmley (2012) generated this dataset from feeding a set of 22 common tropical grasses and 750 
legumes at varying stages of growth and varying proportions of maintenance requirement. 751 
Considering the Kurihara et al. (1999) data with an amendment by Hunter (2007) forms the basis of 752 
Australia’s equation to estimate MP from northern beef pastures, Kennedy and Charmley (2012) 753 
have suggested downgrading the methane estimates in the north by ~30%. However, high methane 754 
losses of 11.3 % GEI were also observed by Ominski et al. (2006) in beef steers grazing temperate 755 
pasture that was both low in quality and in availability (738 kg/ha) suggesting that further work is 756 
required to confirm such estimates for tropical grasses.  757 
2.3.3 Diet and Microbiota 758 
Jeyanathan et al. (2011) observed that cattle, deer and sheep grazing temperate pastures 759 
between winter and spring, maintained a core archaeal community structure but changes in 760 
methanogens were associated with increased forage maturity. In deer, methanogenic communities 761 
were much less influenced by seasonal change in pasture quality, potentially due to their slower 762 
passage rates and their browsing nature (Jeyanathan et al. 2011). The few similar examples for 763 
effect of seasonal plane of nutrition on rumen microbial and methanogen populations seem to agree. 764 
Svalbard reindeer the effect of seasonally poor forage quality had less of an effect on methanogen 765 
populations than individual host variation (Sundset et al. 2009). However, considering that deer 766 
were euthanized at each time point and repeat measures on the same animals were precluded, there 767 
are no within animal measures to assess impact of dietary change on an individuals’ microbiome.  768 
Klieve et al. (1998) revealed that populations of all carbohydrate utilising bacteria increased 769 
in response to increased availability of soluble carbohydrates, xylans, starch, and available cellulose 770 
in the wet season, potentially providing more methanogenic precursors (Leng 2014). Soluble 771 
carbohydrate fermenting bacteria include S. bovis, S. ruminantium, M. elsdenii, which between 772 
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them produce CO2, H2, formate and acetate. When steers fed Pangola grass (Digitaria eriantha) 773 
hay, were supplemented with varying levels of molasses a shift in microbial community was 774 
observed (Tolosa 2007). The differences were predominantly associated with the particle phase of 775 
rumen digesta as many species in the fluid fraction are both amylolytic and proteolytic (Dehority 776 
2003), and changes in overall proportions of these species in the fluid phase are less noticeable 777 
when either N or fermentable carbohydrate supply is adequate. Increased microbial diversity in 778 
particle associated species was observed when hay was additionally supplemented with casein due 779 
to increased availability of nitrogen for formation of ammonia and of the branched chain fatty acids 780 
for utilization by the cellulolytic bacteria (Tolosa 2007). However, excess readily fermentable 781 
carbohydrates, particularly starch, depress growth of cellulolytic bacteria in cattle fed a basal forage 782 
diet (Tajima et al. 2001; Fernando et al. 2010; Brulc et al. 2009; Jami and Mizrahi 2012). 783 
Traditional culture methods reveal a decrease in numbers of F. succinogens by up to 33% after 784 
inclusion of 25% corn meal (Varel and Dehority 1989).  785 
Cellulolytic bacteria decline up to 57 fold when cattle transition from forage to grain diets 786 
(Tajima et al. 2001; Fernando et al. 2010) as a result of intolerance to low rumen pH associated with 787 
grain fermentation. Mosoni et al. (2007) demonstrated a distinct log decrease in all three of the 788 
primary cellulolytic species, F. succinogens, R. flavefaciens and R. albus due to the pH decrease 789 
from 6.5 to 5.9 after sheep were fed 50% concentrate. Relative composition of cellulolytic 790 
populations can affect methanogenesis. F. succinogenes does not produce H2 and a decrease in MP 791 
is observed in gnotobiotically reared lambs when this species is introduced compared with lambs 792 
inoculated with Ruminococcus spp. (Chaucheyras – Durand et al. 2010). Methane production 793 
increases in co-culture with Ruminococcus spp. and all H2 producing fungi and protozoa (Morgavi 794 
et al. 2010; Williams and Coleman 1992). 795 
Protein is the other key macronutrient of interest for nutrient utilization, MP and microbial 796 
community structure in forage fed cattle. A comparison of three low protein tropical C4 grass hays; 797 
Speargrass (C. heteropogon), Mitchell grass (Astrebla spp.) and Pangola grass (D. eriantha) and 798 
one high protein temperate C3 grass hay, Ryegrass (Lolium perenne) fed to Bos indicus steers has 799 
indicated that the greatest change in microbial diversity was at maximal divergence of CP 800 
(Speargrass 2.6% to Ryegrass 19.9%), although a dominant DGGE banding pattern was observed 801 
unique to the low grade hays Mitchell/Flinders and Speargrass (Wilson 2010). Species belonging to 802 
this banding pattern did not match any known isolates but grouped with novel species in the order 803 
Clostridia within the Firmicutes phylum, to which, fibrolytic Ruminococcus spp. also belong 804 
(Wilson 2010). Interestingly, Wilson (2010) hypothesized that these novel species may be specific 805 
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to animals grazing low grade tropical fibre sources, citing sequence similarity with African 806 
herbivores, yaks and buffalo but not with Bos Taurus cattle breeds.  807 
2.3.4 Passage rate and methane production 808 
Models based on 100% lucerne diets have indicated that MP g per day is increased when 809 
FOR is accelerated (Benchaar et al. 2001), but as the latter is a function of feed quality and intake, 810 
MP as a proportion of digestible energy intake (DEI) is reduced. By contrast, Okine et al. (1989) 811 
reported MP g per day is decreased when FOR is accelerated. These authors observed that 24 kg 812 
weights placed in the rumen of Hereford steers (LW 531 kg) resulted in a 38% and 49% increase in 813 
FOR (P<0.001) compared with control animals and a reduction in MP (P<0.001). Given that the 814 
weights would indicate no composition change in the diet and would force change in FOR by 815 
volume displacement and physiological factors unrelated to digestion of plant polymers, it could be 816 
argued that this is not an appropriate way to measure the effect of retention time on MP specifically. 817 
However, in sheep fed either a pasture or a pellet diet, greater liquid phase retention time (P<0.01) 818 
and numerically greater particle phase retention time (35.1 ± 1.4 vs. 31.7 ± 1.3 hours) are associated 819 
with greater daily MP (Pinares Pinto et al. 2011). Similarly, Goopy et al. (2013) found that a small 820 
rumen and shorter retention time led to lower MP in sheep. Shorter retention times imply increased 821 
FOR and therefore there is some incongruence in the literature regarding the effect of passage rate 822 
and retention time on MP. It may be that the use of a legume in modelling MP from forages by 823 
Benchaar et al. (2001) limits extrapolation to tropical grass, as legumes have a greater capacity for 824 
packing DM into smaller rumen volumes and a faster outflow rate is observed without a 825 
corresponding decrease in DMD (Thornton and Minson 1973). 826 
2.3.5 Ration manipulation  827 
Citrus pulps, beet pulps and molasses are sources of readily fermentable carbohydrates in 828 
tropical ruminant systems; but substitution of corn grain with citrus pulp does not improve methane 829 
emissions in dairy goats (corn grain: 24.7 g/d compared with citrus pulp: 34.8 g/d) even at equal 830 
DMI (1.5 kg /d; Lopez et al. 2014). Similar results were observed in Australia with citrus pulp’s 831 
competitive rates of OM disappearance and VFA production (Sunvold et al. 1995); able to provide 832 
an acceptable alternative feed supplement for dairy cows but without a favourable effect on either 833 
MP or methane intensity per quantity of milk produced (Williams et al. 2014). In some regions of 834 
the northern rangelands molasses is a frequent component of dry season supplementation strategies 835 
usually combined with NPN and as such, exerts a positive effect on feed conversion ratios (Bird and 836 
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Leng 1978), which potentially translates into improved lifetime methane intensity (Charmley et al. 837 
2008).  838 
Methanogen communities are more susceptible to diet in cattle than either sheep or deer. 839 
Within communities there are a core group of dominant organisms which are less dependent on 840 
changes in host diet than others (Zhou et al. 2010, Jeyanathan et al. 2011). A core methanogen 841 
community is maintained, however, PCR and DGGE techniques successfully identified dietary 842 
shifts in methanogen species when beef steers were fed either a low energy density (74% oats, 20% 843 
hay, 6% feedlot supplement) compared with a high energy density (28.3% oats, 56.7% barley, 10% 844 
alfalfa, 5% feedlot supplement) diet. Nutritional composition was not given but it is likely that both 845 
diets contained an energy content and digestibility exceeding those for cattle grazing pasture. 846 
However, differences in methanogen communities have been observed in dairy cattle grazing 847 
temperate summer compared with winter pastures (Jeyenathen 2011). Species from the genus 848 
Methanobrevibacter, particularly M. ruminantium and M. gottschalki dominate archaeal 849 
communities in cattle across a range of diets (Hook et al. 2010).  Methanosarcina spp. have been 850 
isolated from some cattle but may be more frequent in deer due to longer residence time of winter 851 
feed (Jeyanathan et al. 2011). This is suggested to be attributable to slower growth rates in 852 
Methanosarcina spp. and requirements for higher Km values for H2 than other methanogenic 853 
archaea (Jeyanathan et al. 2011).   854 
2.3.6 Forage species  855 
Methane emissions are normally lower with a higher proportion of C3 plants in the diet due 856 
to higher fermentable CHO, faster FOR, and sometimes the presence of condensed tannins (Ulyatt 857 
et al. 2002b; Beuchemin et al. 2008). Comparison of C3/C4 grasses and legumes from warm and 858 
cool climates shows that the photosynthetic adaptations of the plants can have a profound influence 859 
on MP. In a meta-analysis of 22 in vivo studies, ruminants consuming C4 grasses produced on 860 
average 17% more CH4 L/ kg OMI (P<0.05) compared with C3 grasses (Archimède et al. 2011). 861 
Animals consuming warm season legumes compared with C4 grasses (P<0.05) produced 20% less 862 
CH4 but within cold season legumes, warm season legumes and C3 grasses, MP was similar 863 
(Archimède et al. 2011). Cows fed an alfalfa/grass mixture (CP 13%, NDF 53%) had methane 864 
emissions 9% lower compared cows fed grass only (CP 9%, NDF 73%; Chase 2007). Based on this 865 
information, feeding warm season legumes is seen as a potential strategy to mitigate methane in the 866 
northern rangelands. However, the condensed tannin content of many tropical legumes, partially 867 
responsible for methane suppression, may have negative effects on production parameters. Tiemann 868 
et al. (2009) observed 9% and 18% reductions in methane associated with supplementing basal diets 869 
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of B. ruziziensis with two legumes. However, the authors estimated that the true reduction of 870 
methane was much lower due to reductions in N and energy retention associated with the tannin 871 
content.  872 
 873 
2.4 Current methane control measures  874 
2.4.1 Defaunation 875 
Defaunation, the complete removal of protozoa from the rumen has had varying effects on 876 
MP in the rumen (Dohme et al. 1999; Bird et al. 2008; Martin et al. 2008). Protozoa produce H2 as a 877 
product of fermentation leading to interspecies H+ transfer and a symbiotic association with 878 
methanogens. Accordingly, Martin et al. (2008) reports a permanent 20 – 25% reduction in MP in 879 
defauntated animals. In vitro, 50% reduction in MP was observed over 6 days in defaunated 880 
compared with faunated continuous fermenters (Dohme et al. 1999).  In vitro, defaunation increases 881 
ammonia concentration, total VFA production, and molar proportion of propionate, with 882 
corresponding decreases in acetate and butyrate concentrations and pH (associated with higher total 883 
VFA; Dohme et al 1999). However, in vivo results are not consistent; Bird et al. (2008) observed no 884 
change in defaunated ewes fed a lucerne diet for 10 or 25 weeks. Acetate production in these ewes 885 
was also unchanged and Bird et al. (2008) suggest that defaunation effects on MP are irrevocably 886 
linked to a shift in VFA profile toward higher propionate and low acetate.  887 
2.4.2 Reductive acetogenesis as an alternate mode of H removal 888 
Reductive acetogenesis involves the formation of acetate from CO2 and H2 with a Gibbs free 889 
energy change of -104.6 KJ /mol (Gagen et al. 2015; Seijian et al. 2015). In some non-ruminant 890 
animals reductive acetogenesis is competitive as a method of H2 removal (Klieve and Ouwerkerk 891 
2007). Reductive acetogenesis is also advantageous to the host, as it provides acetate as a source of 892 
energy concomitant with decreased MP. Homoacetogens establish in ruminant neonates but are 10 893 
fold less numerous than methanogens (Fonty et al. 2007). When gnotobiotic lambs are raised 894 
without methanogens, homoacetogen numbers can reach 107 to 108 /g and reductive acetogenesis 895 
represent up to 25% of total fermentative activity (Fonty et al. 2007). However, in general, 896 
reductive acetogens are not competitive against methanogens as H2 partial pressure is usually below 897 
the threshold required (Morgavi et al. 2010). Efforts to boost their numbers and activity to compete 898 
with methanogenesis in vitro or in vivo have not been successful (Demeyer et al. 1996; Le Van et al. 899 
1998; Lopez et al. 1999). Further work into the mechanisms for their success in other gut 900 
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environments such as the macropod (Ouwerkerk et al. 2008) might yield strategies that make 901 
reductive acetogenesis more favourable in the rumen.  902 
2.4.3 Methane analogues and feed additives 903 
Ionophores (monensin, lasalocid, laidlomycin, salinomycin and narasin) are antimicrobial 904 
compounds commonly fed to livestock to improve production efficiency (Callaway et al. 2003). 905 
They are lipophilic compounds which move freely across bacterial membranes that are normally 906 
impermeable to ions, using the relative acidity of the rumen environment and neutrality of 907 
intracellular space to drive nutrient uptake (Callaway et al. 2003). Monensin, has been the subject of 908 
extensive research in the livestock industry. In the cell it modifies movement of ions across the 909 
membrane, causing ATPase to pump protons out of the cell in an effort to restore ion gradient. 910 
Ultimately ATP uncouples from growth resulting in eventual cell death (Callaway et al. 2003). 911 
Monensin has been proposed to reduce MP by inhibiting Gram positive bacteria and protozoa. 912 
These species produce hydrogen and by reducing the hydrogen pool in the rumen the fermentation 913 
process shifts towards propionate production to dispose of reducing equivalents (Martin et al. 2008; 914 
Chase 2007). Monensin effectively inhibits methane by 7% in lactating Holsteins fed 60:40 forage: 915 
concentrate (Odongo et al. 2007). Monensin (P<0.01) had a strong inhibitive effect on methane 916 
emissions in a trial against 9 additives in vivo (Beauchemin and McGinn 2006). Trials conducted 917 
with bromochloromethane, a halogenated analogue of methane substantially reduced emissions 918 
from Brahman steers in a feedlot study, but has since been banned as a feed additive by the 919 
Australian Government (Tomkins et al. 2009). These types of compounds are primarily useful in 920 
feedlot situations and there are significant concerns regarding toxicity of some feed additives which 921 
makes widespread in vivo use in rangeland animals unlikely (Martin et al. 2008).  922 
2.4.4 Use of bioactive plant extracts 923 
 Plant extracts including essential oils, garlic extracts, tannins and saponins showed 924 
promise in early in vitro trials (Martin et al. 2008). However, trials with lactating Holsteins showed 925 
no alteration in rumen fermentation profiles, pH, ammonia concentration, acetate: propionate ratio, 926 
milk production or feeding behaviour when fed two different commercial essential oils (Tager and 927 
Krause 2011). Essential oils have however, been shown to effect rumen fermentation profiles in 928 
other trials (Wallace 2004) and they remain in the group of additives under investigation for rumen 929 
CH4 modification. Like many rumen modifiers much work has been conducted in vitro. Where 930 
effects have been found, the dosage rates often exceed manufacturer’s guidelines and these trials are 931 
difficult to replicate in vivo (Wallace 2004). Yucca shidigera or Quillaja saponaria extracts have 932 
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reduced emissions (Chase 2007) albeit inconsistently with a range of 0% to 75% reduction at a 933 
required dose of 10% feed intake which presents significant cost and palatability issues (Martin et 934 
al. 2008).  935 
Promising data is emerging that macroalgae may have the potential to dramatically reduce 936 
enteric CH4 production but also provide a significant nutritional support through provision of high 937 
quality proteins and lipids to cattle in low planes of nutrition (Machado et al. 2014). Of 20 species 938 
of macroalgae the species Asparagopsis taxiformis, a red marine algae was the most effective, 939 
decreasing methane in vitro by 98% over 72 h in vitro incubation. However, while further 940 
experiments revealed that limu kohu Asparagopsis taxiformis to have significant potential as a 941 
methane mitigator, the secondary plant metabolites suggested as the mechanism for methane 942 
suppression appear to exert a negative influence on in vitro fermentation parameters even at 943 
inclusion levels of 2 % (Machado et al. 2015) Similar results for in vitro methane suppression was 944 
observed by Wang et al. (2008) using phlorotannins from brown seaweed in incubations of forage 945 
mixed with barley. Dubois et al. (2013) observed decreased MP for some species of red and brown 946 
algae, noticeably Cystoseira trinodis. Algae may provide an effective mode of methane mitigation 947 
but in vivo results remains to be seen. 948 
2.4.5 Immunisation against methanogenesis 949 
 Results from vaccine trials are equivocal. Reductions of 7.7% CH4 were observed in 950 
vaccinated sheep (Wright et al. 2004). The vaccine mixture, which contained isolates of M. 951 
ruminantium induced antibodies in the blood serum and the saliva which targeted antigenic proteins 952 
on the surface of methanogens.  However, a similar vaccine used in New Zealand sheep had no 953 
discernible effect (Leslie et al. 2008). Williams et al. (2009) also found no reduction in methane 954 
from sheep vaccinated with a broader set of methanogens, despite the presence of serum antibodies. 955 
In vitro work has been more successful and antisera from vaccinated sheep, has been shown to 956 
reduce methane in pure cultures of M. ruminantium (Wedlock et al. 2010).  957 
 958 
2.5 Quantification of enteric methane 959 
2.5.1 In vitro gas production systems 960 
Direct measurement of rumen fermentation parameters and MP in vivo is a considerable 961 
logistical challenge in extensive grazing situations. Menke et al. (1979) demonstrated that in vitro 962 
total gas production (TGP) over 24 h could predict DMD of feeds. Total gas volume is linearly 963 
related to gas pressure and can be measured using a pressure transducer to record pressure increases 964 
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inside a fermentation vessel (Pell and Schofield 1993; Theodorou et al. 1994; Meale et al. 2012). In 965 
vitro systems have become increasingly automated (Theodorou et al. 1994; Cone et al. 1996), and 966 
the interactions of substrate, buffer and rumen fluid have been well described (Beuvink and 967 
Spoelstra 1992; Pell and Schofield 1993; Groot et al. 1996; France et al. 1993; France et al. 2000). 968 
Forage degradation kinetics are determined by measuring parameters including DM disappearance, 969 
NDF disappearance and subsequent appearance of CO2 and CH4 (headspace gas) and VFAs 970 
(fermentation fluid). Microbial feed degradation in vitro also contributes biomolecules for MPS. 971 
Cone et al. (1996) proposed that multiphasic gas production profiles (GPPs) included initial 972 
fermentation of soluble fractions, fermentation of non-soluble fractions and lyses of microbial cells. 973 
Comparison of in vitro DMD between feeds is widely practiced in commercial feed laboratories 974 
using the two stage in vitro technique (Terry and Tilley 1964) but gases are not captured. The 975 
laborious process and measurement of end point parameters only are limitations of this 976 
methodology.  977 
In all in vitro systems, feed samples are ground, usually to pass through a 1 mm screen, 978 
mixed with a buffer, then incubated at 39 °C with RF inoculum in controlled anaerobic laboratory 979 
settings for a specified duration. Closed and continuous systems for fermentation kinetics can be 980 
used. Closed systems also known as batch systems, are commonly used for comparing feeds, 981 
however continuous systems where buffers and rumen fluid are replenished and end products 982 
removed have some advantage as a closer simulation of the rumen environment.  983 
In vitro systems both closed and continuous have inherent limitations. In a closed 984 
fermentation system gases accumulate in the headspace during fermentation increasing gas pressure 985 
within the vessel. Theodorou et al. (1994) recommended a maximum pressure of 48 kPa (6.9 psi) 986 
after which microbial growth can be inhibited.  Additionally, as headspace pressure increases, CO2 987 
solubilises leading to underestimation of headspace gas (Beuvink and Spoelstra 1992). Pell and 988 
Schofield (1993) do not vent, instead large bottles and small samples sizes allow for greater 989 
headspace and less risk of excessive pressure. The pH in a closed system decreases toward latter 990 
stage of fermentation, due to buildup of acids, although some systems allow for additional buffers 991 
to be added. This major constraint in closed in vitro systems is that end products cannot be 992 
removed.  993 
The single major limitation to in vitro methodology is the inoculum (Rymer et al. 2005; 994 
Bueno et al. 2005; Mould et al 2005). Inoculum activity depends on the diet fed to the donor 995 
animals (McLeod and Minson 1969; Huntington et al. 1998). There are contrasting effects of 996 
inoculum source in the literature. Huntingdon et al. (1998) observed no differences on VFA or TGP 997 
in incubated forages due to inoculum source and Bueno et al. (2005) observed a decline in apparent 998 
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OMD when less fibre material (solid phase) from the rumen was included in the inoculum. Meinke 999 
and Steingrass (1988) observed no improvement GPP of treated straw samples when donor steers 1000 
were switched from hay to treated straw. This contradicts digestibility data from McLeod and 1001 
Minson (1969) who observed C. gayana DMD was reduced by 20% when incubated in inoculum 1002 
from sheep fed D. Eriantha grass (0.79% N) compared with M. sativa (3.69% N). 1003 
Particle attached microbes, the majority being cellulolytic, can be lost if inoculum is strained 1004 
through cheesecloth which affects in vitro fibre degradation rates and GPP (Bueno et al 2005). 1005 
However, a minimum level of microbial activity is required for standardised GPP, above which no 1006 
differences are observed regardless of proportional particle to fluid phase (Nagadi et al. 2000, 1007 
Rymer et al. 1999, Bueno et al. 2005). Microbial activity appears to be affected by diet and Nagadi 1008 
et al (2000) recommended 60:40 forage to concentrate ratio for RF donor animals. This ratio is 1009 
widely cited but there are few recommendations for forage or concentrate composition. In tropical 1010 
feed evaluation systems, Fahey (1994) considered CP in the donor diet of less than 100 g/ kg DM to 1011 
introduce unacceptable levels of variability between runs. However, considering the scale and 1012 
duration at which low quality native grass pastures are consumed in Australian rangelands (Poppi 1013 
and McLennan 1995) and the increasing frequency with which in vitro techniques are used to 1014 
estimate feed quality, some further investigation is needed in the relationships between inoculum 1015 
and fermentation parameters under these conditions.  1016 
Lee et al. (2003a) pioneered the adaptation of in vitro gas production systems to estimate in 1017 
vivo MP for feeds. Samples of gas are removed from the known volume of headspace in the 1018 
fermentation vessel and analysed by GC to determine CH4 proportion. Getachew et al. (2004) 1019 
subsequently validated in vitro methane values against the in vivo dataset of Moss et al. (2000). In 1020 
vitro techniques have since been used to measure methane from tropical grasses (Meale et al. 2012; 1021 
Gemeda and Hassan 2014). Lee et al. (2003a) observed higher MP from grains (34 – 50 mL CH4 1022 
per g DM incubated) compared with forage (12 – 30 mL CH4 per g DM incubated) and Getachew et 1023 
al. (2004) attributed this to a more rapid rate of digestion for grain in the early stage. Major reviews 1024 
of inoculum (Bueno et al. 2005; Mould et al. 2005 and Rymer et al. 2005) have focused on issues 1025 
surrounding standardisation of the relationship between apparent DMD and TGP but not MP. 1026 
Considering recent utilisation of in vitro gas production systems to estimate MP from forages low in 1027 
CP, further data is needed for inoculum effects on MP from low quality forages. 1028 
2.5.2 Respiration chambers 1029 
The respiration chamber is the gold standard for methane measurement, as comprehensive 1030 
metabolic processes can be measured (Blaxter and Clapperton 1965). Exhaled breath from the 1031 
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animal is used to measure methane concentration in a known volume while an external inlet 1032 
provides fresh air for respiration (Blaxter and Clapperton 1965). Chambers can be closed-circuit or 1033 
open-circuit, with the latter being dominant (Storm et al. 2012). The creation of an artificial 1034 
environment which affects animal behaviour can be a concern, as intake is one of the primary 1035 
drivers of MP. Decreased DMI, associated with chamber initiated stress, would impact methane 1036 
measured and all fractional calculations derived from that measurement. Therefore, it has been 1037 
suggested that chamber measurements should be applied with caution to free ranging animals 1038 
(Storm et al. 2012) although comparison with open path lasers (Tomkins et al. 2011) and sulfur 1039 
hexaflouride techniques (Munoz et al. 2012) are favourable. 1040 
2.5.3 Sulfur hexafluoride (SF6) tracer gas  1041 
Amidst concerns that respiration chamber measurements might not be extrapolated to free 1042 
ranging animals (Pinares Patino and Clark 2008; Wright et al. 2004), the SF6 tracer technique 1043 
offered a method to measure individual methane measurements from grazing animals and many 1044 
studies have demonstrated strong statistical agreement between SF6 and respiration chambers 1045 
(Ulyatt et al. 1999; Boadi et al. 2002; Johnson et al. 2007; Pinares-Patiño et al. 2008; Pinares-Patiño et 1046 
al. 2011).  First developed by Johnson et al. (1994), the technique is the release of a tracer gas 1047 
(sulphur hexafluoride, SF6) at a known constant rate into the reticulo-rumen of an animal via a 1048 
slow-release device, known as a permeation tube (Deighton et al. 2014). Enteric MP is calculated 1049 
(usually over a 24 h period) from the measured gas mixing-ratio (concentration) of methane and 1050 
SF6 in a gas sample collected from a point near the mouth and nostrils into an evacuated canister 1051 
(Deighton et al. 2014). Implicit in this design is the lack of methane capture from the rectum which 1052 
is ~10% ruminant MP, although Munoz et al. (2012) developed regression equations against 1053 
chamber measurements to resolve this issue for lactating dairy cows. The SF6 technique has been 1054 
updated to reduce bias associated with the diurnal pattern of MP in the cow (Deighton et al. 2014) 1055 
and modified methods compare favourably with the respiration chamber. The method has been used 1056 
in multiple studies to measure methane from grazing cattle under seasonal conditions (DeRamus et 1057 
al. 2003; Demarchi et al. 2003). 1058 
2.5.4 Open path lasers 1059 
Micrometeorological techniques employing backward Lagrangian stochastic (bLS) model provide 1060 
emission to concentration relationships and emissions can be calculated from downwind gas 1061 
concentration (Flesch et al. 2004). The method is based on measurements of atmospheric CH4 using 1062 
infra-red laser absorbance and accounting for wind speed and turbulence. Micrometeorological 1063 
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techniques for enteric methane measurement were first described by Harper et al (1999) and 1064 
required low wind speeds (>2m/s), sensitive instruments to measure atmospheric gasses and a 1065 
relatively uniform wind direction. The difference in atmospheric CH4 between an infra-red laser 1066 
beam passed upwind and one passed downwind of cattle in a predefined enclosure is designated 1067 
enteric methane. There is a growing body of work utilising the relatively unique capacity of lasers 1068 
to measure gas from large groups of cattle in in feedlots or free grazing (Gao et al. 2011; Tomkins 1069 
et al. 2011; Tomkins and Charmley 2015). Increasing use of this method allows for comparison 1070 
internationally and across herd type. The need for such data is driven by necessity to provide 1071 
quantifiable herd level estimates for governmental assessment of GHG emissions across ruminant 1072 
classes, both intensive and extensive.  1073 
2.5.5 Predictive equations  1074 
Methane production cannot feasibly be measured from each individual animal globally, and 1075 
predictive equations are necessary to estimate national GHG emissions for inventory purposes. 1076 
Comprehensive data concerning the feed composition is fundamental to most models, potentially 1077 
inhibiting use and accuracy in rangeland situations. Several reviews of various equations and their 1078 
accuracy have been published for intensive dairy and beef cattle under temperate conditions (Ellis 1079 
2007; Ellis et al. 2009). The IPCC (2007) recommend a simple proportion of GEI, 6.5% for dry 1080 
cows and steers consuming forage diets, including crop residues and by products, and 3% for cattle 1081 
consuming concentrate diets. It was suggested (Johnson and Johnson 1995) that tropical C4 grasses 1082 
have greater MP as a portion of GEI (up to 12%) due to the different physicochemical nature of the 1083 
cell wall matrices. More hemicellulose and cellulose are associated with more methane (Moe and 1084 
Tyrell 1979). Kurihara et al. (1999) conducted the benchmark in vivo experiment upon which the 1085 
Australian national greenhouse gas accounts are based. Using the data of Kurihara et al. (1999), 1086 
McCrabb and Hunter (1999) evaluated the classical equation for MP from temperate diets of 1087 
Blaxter and Clapperton (1965), and found that MP was underestimated by 4 – 5% GEI. However, 1088 
the data of Kurihara et al. (1999) was recently found to have overestimated MP by 30% when 1089 
compared with data from 22 different tropical forage diets in 12 steers (Kennedy and Charmley 1090 
2012).  Kennedy and Charmley (2012) found that MP could be predicted as 19.6g CH4/ kg DMI. 1091 
The FAO recently offered a similar equation (19.14*DMI + 2.54; Hristov et al. 2013). Dry matter 1092 
intake provides a readily available parameter to base equations for MP due to the close relationship 1093 
between DMI and CH4 /d L (Shibatu 1993; Bell and Eckard 2012).   1094 
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2.6 Summary of the literature, hypotheses and aims  1095 
The review of the literature describes an extensively studied domestic livestock animal in 1096 
terms of rumen microbial populations, MP and current control methods for methane. Most 1097 
techniques to modify rumen fermentation involve feeding an additive or significantly improving the 1098 
nutritional regimen. The extensively grazed, northern rangelands support approximately 50% 1099 
Australian beef cattle, on predominantly native pastures. Quantification and prediction of MP from 1100 
Australian C4 grasses is improving, but is limited compared with temperate forages or intensive 1101 
systems. The specific effect of declining forage quality on rumen fermentation characteristics is 1102 
understood but associated changes in rumen microorganisms remain a mystery. Additionally, the 1103 
fluctuations in MP derived from a seasonally changing nutrient plane from such environments have 1104 
not been well classified. This thesis hypothesizes that there is a recognizable change in methanogen 1105 
populations between seasons and that this has an effect on MP in the rangelands. The objectives 1106 
were to quantify MP from low quality tropical forages at various stages of growth and 1107 
simultaneously monitor prokaryotic populations.  1108 
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Four experiments were conducted: 1109 
 1110 
In vitro 1111 
 Experiment 1 was an in vitro batch culture designed to determine the effect that forage 1112 
quality had on fermentation characteristics and methane production (Chapter 3) 1113 
 1114 
 Experiment 2 used the same substrates as experiment 1 but focused on the effect that rumen 1115 
inoculum (wet/dry season adaptation) had on fermentation characteristics and MP (Chapter 1116 
4). 1117 
 1118 
In vivo 1119 
 Experiment 3 measured rumen characteristics including rumen outflow rate, and MP in vivo 1120 
using respiration chambers. Rumen fluid was collected to determine microbial ecology. (The 1121 
data was covered in Chapter 5 and 6). 1122 
 1123 
 Experiment 4 measured rumen characteristics, liveweight and pasture quality in a 1124 
commercial beef property over the course of four samplings in 12 months. Methane was 1125 
measured twice (late wet season and late dry season) as part of an external CSIRO project 1126 
using open path lasers. Rumen fluid was collected to determine microbial ecology. (This 1127 
data comprised Chapter 7 and 8).  1128 
 1129 
The order of the Chapters is intended to form a cogent exposition of the objectives, however, the 1130 
chronological order the experiments differed. Forages collected in Experiment 3 and 4 were used in 1131 
Experiment 1 and 2. Inoculum for Experiment 2 was sourced in the in vivo trial (Experiment 3). In 1132 
this manner maximum information concerning the interaction of microbes and methane could be 1133 
yielded under the available resources. 1134 
 1135 
Chapters 3, 4 and 5 have been submitted to scientific journals for publication and the latter accepted 1136 
by Animal Production Science pending revisions. These three chapters are included as papers 1137 
including abstracts. However, references in each are formatted according to UQ thesis guidelines 1138 
and appear at the end of the thesis with the reference list. The remaining three Chapters (6, 7 and 8) 1139 
are concerned with the molecular microbiology of the rumen fluid collected in Experiment 3 and 4.  1140 
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 Abstract. The effect of seasonal forage quality in Astrebla pectinata (Barley Mitchell 1159 
grass), was examined in vitro on fermentation characteristics and methane production (MP). Native 1160 
Astrebla spp. are important grasses, in the extensive beef production across northern Australia, due 1161 
to its’ resilience in prolonged dry periods. The MP from cattle consuming Astrebla sp. has been 1162 
reported in vivo. Specific effects of seasonal variation in forage composition between the wet 1163 
season (December – May) and the dry season (June to November) has not been measured for this 1164 
species. An in vitro batch culture was used to measure fermentation characteristics of A. pectinata 1165 
collected from the Barkly Tablelands (18º 64´ S, 135º 94´ E) in two wet seasons (May 2012, March 1166 
2013) and twice in the intervening dry season  (August, November 2012). Chloris gayana, 1167 
Medicago sativa and blanks were also included. Ground (1 mm) replicates (n=6) of the forages 1168 
were incubated in 250 mL Schott bottles fitted with wireless pressure modules (Ankom Gas 1169 
Production System). Cumulative gas production was measured (48 h at 20 min intervals). 1170 
Headspace gas collected at 3, 6, 9, 12, 24 and 48 h was analysed for methane by gas 1171 
chromatography. Volatile fatty acids (VFAs), dry matter degraded (DMd) and organic matter 1172 
degraded (OMd) were determined (24 h, 48 h). Fermentation characteristics were estimated by 1173 
multiphasic non-linear regression which determined asymptotic gas production of the soluble 1174 
fraction (A1), the slowly fermentable fraction (A2), time to half asymptotic gas production in the 1175 
soluble fraction (B1), and the slowly fermentable fraction (B2) and the switching characteristic (C). 1176 
A general linear model, with fixed factors, forage type and hour of incubation (24 h, 48 h) was used. 1177 
Astrebla pectinata (March) had the greatest A2 (132.6 mL, P<0.05), the shortest B2 (24.2 h, 1178 
P<0.05), produced more CH4 (17 mL) and VFAs at 48 h than dry season forages. Positive 1179 
regression relationships were observed between CP (r2=0.75) and DMd (r2=0.88) with methane.  1180 
 1181 
 1182 
Keywords - In vitro gas production technique, methane, tropical C4 grass, rumen, cattle   1183 
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3.1. Introduction 1184 
The perennial, summer growing, Astrebla spp. (Mitchell grass) is a family of C4 grasses 1185 
native to northern Australia (Bortolussi et al. 2005). Astrebla tussock grasslands span a contiguous 1186 
450,000 km2 area of western Queensland and the Northern Territory where beef production 1187 
occupies > 98% of agricultural land use (ABARES 2014). Rainfall in this region is insufficient for 1188 
growth of cereal grains or other edible crops and Astrebla spp. are important as cattle fodder, 1189 
requiring < 30 mm in any one event to produce green biomass for two to three months (Hunter 1190 
1989; Hunter and Melville 1994). In the wet season (November to May), Astrebla in the vegetative 1191 
stage and inter tussock ephemeral grasses and forbs provide nutrition to meet maintenance and 1192 
moderate growth requirements of cattle (McMeniman et al. 1986; Bortolussi et al. 2005). The real 1193 
value of Astrebla spp. to grazing ruminants is the ability to tolerate drought (Orr 1975) and to 1194 
remain viable when ephemeral grasses and forbs have been selectively grazed out (McMeniman et 1195 
al. 1986) or senesced (Hunter and Melville 1994). However, maturity advances in the dry period 1196 
(June to October) and CP content of Astrebla decreases from ~184 to ~20 g /kg DM (McMeniman 1197 
et al. 1986; Orr 1975). When coupled with increased fibre and lignin proportion, low CP results in 1198 
decreased rumen digestibility, longer rumen retention time and lower voluntary DM intake (Minson 1199 
1990).  1200 
Increasing awareness of the role of enteric methane production (MP) in climate change has 1201 
driven a concerted effort to estimate MP from livestock feedstuffs, including those typically found 1202 
in extensive rangeland systems (IPCC 2013; Kennedy and Charmley 2012). Enteric MP also 1203 
represents a loss of up to 12% gross energy (GE) intake in ruminants consuming tropical grasses 1204 
(Hunter 2007), although recent estimates from a range of temperate and tropical forage species 1205 
suggest a more modest range between 5.4 and 7.5% GE (Kennedy and Charmley 2012). Greater 1206 
fractional CH4 losses [as a proportion of digestible energy (DE)] are generally observed in cattle 1207 
consuming low quality forages (Boadi and Wittenberg 2002; McCallister et al. 1996; Benchaar et 1208 
al. 200). In addition, increased lifetime methane emissions result from cycles of gain and loss 1209 
leading to prolonged unproductive periods (Charmley et al. 2008). 1210 
Methane production in vivo has been reported for cattle consuming a single source of 1211 
Astrebla sp. hay (Kennedy and Charmley 2012) but the effects of seasonal variation in chemical 1212 
composition on MP has not been ascertained in vivo or in vitro. Although there are some limitations 1213 
in extrapolating to the complexity of the rumen, in vitro gas production techniques allow useful 1214 
preliminary screenings for trends in MP from feeds or those containing potential antimethanogenic 1215 
compounds (Meale et al. 2012). The aim of the current study was to quantify in vitro MP from four 1216 
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samples of Astrebla pectinata (Barley Mitchell grass) with chemical composition consistent with 1217 
seasonal changes in forage quality in the northern rangelands and to compare this with a temperate 1218 
legume (Medicago sativa) and an improved C4 pasture grass (Chloris gayana). 1219 
 1220 
3.2. Materials and Methods. 1221 
3.2.1 Forage sampling 1222 
Astrebla pectinata was harvested from a paddock (1400 hectares) on the Barkly Tablelands, 1223 
Northern Territory, Australia (18 º 64´ S, 135 º 94´ E) in May, August and November 2012 and 1224 
March 2013. For each sample approximately 2 kg of fresh pasture biomass was cut 3 to 5 cm from 1225 
the tussock tips at 10 x 10 m intervals on 3 x 100 m transects in accordance with observed grazing 1226 
behaviour. Commercially available Chloris gayana (Rhodes grass) hay and Medicago sativa 1227 
(Lucerne) hay were purchased in Townsville, Queensland, Australia (19° 16 ′ S, 146° 48 ′ E). 1228 
3.2.2 Chemical composition 1229 
All forage samples were bulked, subsampled, oven dried (55 ºC) to constant weight and 1230 
ground to pass a 1 mm screen (Retsch SM100, Germany). Acid detergent fiber (ADF) and neutral 1231 
detergent fiber (NDF) were determined using the Ankom A200 Fiber Analyzer filter bag technique 1232 
(Methods 12 and 13 respectively; Ankom Technology Corp., Macedon, NY, USA; Mertens 2002). 1233 
NDF was determined using heat stable α-amylase (aNDF; Sigma Chemical Co., St. Louis, MO, 1234 
USA) without sodium sulphite (Goering and Van Soest 1970). Lignin was determined on ADF post 1235 
immersion in sulphuric acid. Nitrogen (N) content was measured by Kjeldahl digest (Foss Kjeltec 1236 
8400, Denmark Application Note 300 Rev 8.0) by block digestion and steam distillation. Crude 1237 
protein was calculated as N x 6.25. Dry matter (DM) content was determined in duplicate by drying 1238 
at 105 °C for 24 h, and subsequently organic matter (OM) determined by ashing the dried samples 1239 
at 550 ºC for 8 h in a muffle furnace. Analyses were conducted in duplicate. Apparent dry matter 1240 
digestibility (DMD) was determined by incubation with a set of known in vivo standards in a 1241 
DAISY (Ankom Technology Corp., Macedon, NY, USA) apparatus with subsequent pepsin 1242 
digestion (Holden 1999). The composition of the forages is shown in Table 3.1. 1243 
  1244 
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Table 3.1 Chemical compositionA (mean ± s.e) of the six forage samples used for in vitro incubation (g 1245 
/kg DM) 1246 
 A. pectinata M. sativa C. gayana 
g kg -1 DM May Aug Nov Mar   
Organic matter 886 ± 0.1 881 ± 0.1 873 ± 0.1 846 ± 0.1 908 ± 0.0 954 ± 0.0 
Crude protein 57 ± 0.07 29 ± 0.03 39 ± 0.06 106 ±  0.11 158 ± 0.1 120 ± 0.2 
aNDF 743 ± 0.43 658 ± 0.27 637 ± 0.31 634 ± 0.37  485 ± 0.0 644 ± 0.1 
ADF 403 ± 0.13 414 ± 0.61 429 ± 0.01 351 ± 1.20 340 ± 0.1 363 ± 0.2 
ADL 107 ± 0.13 126 ± 0.58 130 ± 0.20 43 ± 2.75 - - 
Cellulose 296  295 299 308 - - 
Hemicellulose 340 244 208 283 - - 
DMD  490 380 410 600 - - 
A Organic matter = 100 - ash, crude protein = N X 6.25; aNDFom = neutral detergent fibre assayed with a heat stable 1247 
amylase and expressed inclusive of ash; ADF= acid detergent fibre expressed inclusive of ash; ADL = acid detergent 1248 
lignin; cellulose = (ADF – ADL); hemicellulose = (aNDF – ADF); DMD = dry matter digestibility 1249 
 1250 
3.2.3 In vitro incubation procedure 1251 
A series of three in vitro batch incubations were conducted to assess the effect of seasonal 1252 
variation in forage quality on ruminal fermentation/ total gas production and MP in headspace using 1253 
an Ankom RF Gas Production System (Ankom Technology, New York, USA). The in vitro 1254 
protocols of Machado et al. (2014) were followed. In brief, rumen fluid (RF) was collected from 1255 
two rumen cannulated Brahman (Bos indicus) steers (mean ± s.d; 660 ± 39.5 kg) maintained at the 1256 
College of Public Health, Medical and Veterinary Sciences, James Cook University (Douglas, 1257 
QLD, Australia) according to experimental guidelines approved by CSIRO Animal Ethics 1258 
Committee (A5/2011) in accordance with the Australian Code of Practice for the Care and Use of 1259 
Animals for Scientific Purposes (NHMRC, 2013). Steers were fed ad libitum for three weeks prior 1260 
to the collection of the rumen fluid on C. gayana hay and a liquid supplement was freely available 1261 
(90% molasses, 5% cottonseed meal and 5% copra meal). Rumen fluid (~1.5 L) including 1262 
particulate and fluid phases, was collected by a manual pump inserted into the rumen through the 1263 
cannula, and transferred to pre-warmed thermos flasks on the morning (0800 h) prior to each 1264 
incubation. A handheld blender was used to blend pooled RF for 30 sec prior to straining through a 1265 
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1 mm mesh into a 2 L beaker which was placed in a 39 ºC water bath under continuous N2 flushing. 1266 
The forages described in section 2.1 were weighed in duplicate into pre-warmed 250 mL Schott 1267 
bottles and 125 mL rumen medium added, containing 1:4 ratio of rumen fluid to buffer (Goering 1268 
and Van Soest, 1970). Two bottles containing rumen medium, but no substrate, were included as 1269 
blanks in each incubation.  1270 
After rumen media was added, bottles were fitted with a pressure module (Ankom Gas 1271 
Production System; Tech Corp, NJ, USA), purged with N2 and placed in one of three incubators 1272 
(OM11 model, Ratek Instruments Pty, VIC, Australia) maintained at 39 ºC and oscillating at 85 1273 
rpm. Cumulative gas pressure was recorded for each individual bottle at 20 min intervals. Bottles 1274 
automatically vented when a pressure threshold of 3 psi was reached. The incubation was repeated 1275 
three times with duplicate forages per incubation and hour (24 and 48 h only). Bottles were 1276 
removed at 24 h and 48 h for measurement of volatile fatty acids (VFAs), dry matter and organic 1277 
matter disappearance (DMd and OMd respectively). Methane was measured at 3, 6, 8, 12, 24, and 1278 
48 h. 1279 
3.2.5 Methane collection and analysis 1280 
Headspace gas samples were collected manually from duplicate bottles for each forage at 3, 1281 
6, 9, 12, 24 and 48 h of each incubation, into 10 mL Exetainers™ and stored at room temperature. 1282 
From these samples 0.5 mL was injected into a gas chromatograph (GC; Varian CP-3800), 1283 
equipped with a BR Q-Plot 30 m x 0.53 mm ID column and a Flame Ionization Detector (FID). The 1284 
injector temperature was 200 °C, while column temperature ramped from 65 °C to 89 °C at a rate of 1285 
6.0 °C min-1 with a total run time of 4 min. Helium was used as the carrier gas at 2.8 mL min-1. 1286 
Four external standards of known composition: 1) CH4 0% and CO2 0% in N2; 2) CH4 3% and CO2 1287 
7% in N2; 3) CH4 8.89%, 15.4%, and H2 16.8% in N2; and 4) CH4 19.1%, CO2 27.1%, and H2 1288 
38.8% in N2 (BOC, Townsville, QLD, Australia) were injected prior to sample analysis for 1289 
construction of a standard curve to quantify unknown CH4 concentration. Measured CH4 1290 
concentration was related to the total gas volume (Tavendale et al. 2005). In all calculations, energy 1291 
value and mass of methane was expressed using standard 55.22 MJ/ kg CH4 and 0.716 g L
-1 CH4 1292 
factors, respectively (Brouwer 1965). 1293 
3.2.6 End Point Filtration 1294 
At 24 h and 48 h bottles were removed from the incubator, cooled on ice to 20 ºC, for pH 1295 
measurement (PHM220 Lab pH Meter, Radiometer Analytical, Lyon, France). The contents of the 1296 
bottles were then filtered through a sintered glass crucible (porosity No.1; 100-140 µm) and 4 mL 1297 
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of filtrate collected in duplicate 5 mL tubes containing one part 25% metaphosphoric acid for 1298 
determination of volatile fatty acids (VFAs). The remaining fluid was drained under vacuum and 1299 
the residue dried at 100 ºC prior to ashing at 530 ºC overnight for calculation of DMd and OMd, 1300 
respectively. Calculations to determine DMd, OMd,and methane per g OM and DM degraded was 1301 
calculated as described by Meale et al. (2012) where (h) = hour of incubation; 1302 
 1303 
1.  𝐷𝑀𝐷 =
[initial DM − (dry residue sample (h) − dry residue blank (h))]
initial DM
 1304 
2.  𝑂𝑀𝐷1305 
=
[initial OM − (dry residue sample (h) − ashed sample (h)) − ((dry residue blank (h) − ashed blank (h))
initial OM
 1306 
 1307 
Fractional losses of CH4 were ascertained with the following equation; 1308 
 1309 
CH4 mL / g DM/ OM digested = (TGP mL (h) x ([CH4 % (h)] – TGP blank mL (h) x [CH4 % blank 1310 
(h)] / g IVDMd/ IVOMd (h)  1311 
 1312 
3.2.7 Volatile fatty acids 1313 
Ruminal VFA concentrations were determined by gas chromatography (GC; Cottyn and 1314 
Boucque 1968). In brief, thawed samples were centrifuged at 2000 g for 20 min.  Triple deionised 1315 
water (2.0 mL) was pipetted into 5 mL tubes, 1.0 mL of the sample or standard added to each tube, 1316 
and 1.5 mL of the mixture filtered through a 0.45 µm membrane filter into a 2 mL Auto Sampler 1317 
vial. Samples were then analysed on a Shimadzu 17A GC (Shimadzu Corp., Kyoto, Japan) fitted 1318 
with an AOC-201 Auto Injector and FID detector. Separation was achieved using a ZB-FFAP 30 m 1319 
x 0.53 mm x 1.0 µm column (Phenomonex, CA, USA). The injection port, detector oven and 1320 
column oven were set at 180, 210 and 85 °C, respectively. The temperature program was initially 1321 
set to 85 °C for 4 min and then increased rapidly to 200 °C over 15 min. The carrier gas was high 1322 
purity Helium with a flow rate of 5 mL min-1. Concentrations of rumen VFAs (mM) were 1323 
calculated by external calibration using known standards (Sigma-Aldrich, Castle Hill, New South 1324 
Wales, Australia).  1325 
3.2.8 Statistical analysis  1326 
The biphasic model of Groot et al. (1996) was used to generate gas production curves. 1327 
Cumulative TGP (mL) from the 48 h bottles only were fitted to a non-linear regression equation (2 1328 
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replicates x 3 runs x 6 forages) and fitted to the following model using a NLIN Procedure in SAS 1329 
9.3 (Cary, NC, 2004-2008) as follows; 1330 
 1331 
Y = A1/ (1+ (B1/t) c) + A2/ (1+ (B2/t) c) 1332 
Where, Y=cumulative gas production (mL), t=incubation time (h), A1 = estimated 1333 
asymptotic gas (mL), A2 = estimated asymptotic gas (mL), B1 = time (h) at which half the 1334 
asymptotic gas volume is reached, B1 = time (h) at which half the asymptotic gas volume is 1335 
reached, C= a dimensionless switching characteristic of the curve. Subscripts 1 and 2 denote the 1336 
first and second of gas curves respectively. The blank is not directly removed in the model 1337 
described by Groot et al. (1996) and the first phase of the dual component curve (A1, B1) is 1338 
assumed to be the readily fermentable fraction including the contribution of gas arising from the 1339 
inoculum. The second phase (A2, B2) is assumed to be the slowly fermentable fractions including 1340 
gas from the substrate. Starting parameters were estimated by supplying a wide grid of possible 1341 
values to the NLIN procedure. Parameter C, was initially estimated separately for each phase, but 1342 
the model failed to converge in several samples. The C parameters were all close to 1 in the first 1343 
phase (blank) and when constrained to 1 in the starting model, samples converged.   1344 
The general linear model (GLM) procedure of Minitab v16 (Minitab, State College, PA) 1345 
was used to analyse mean fermentation variables at 24 and 48 h after correction for blanks. Forage 1346 
type, hour, incubation (run) and all interactions were included as fixed effects. The GLM was also 1347 
used to analyse resulting NLIN parameters (A, B, and c). Forage type, hour and forage type × hour 1348 
interaction were included as fixed effects. Tukey post hoc comparison at the 95% confidence 1349 
interval determined differences between means. Pearson correlations were generated between TGP, 1350 
MP, VFAs, DMd, OMd with nutritional characteristics of the forages were performed in Minitab 1351 
v16. Results are reported as least squares means with family level s.e. 1352 
 1353 
3.3 Results 1354 
3.3.1 In vitro degradability, gas and methane production 1355 
M. sativa was the most degradable and produced the highest total gas and CH4 at both 24 h 1356 
and 48 h, followed by A. pectinata March, and C. gayana. The dry season samples of A. pectinata 1357 
and the May A. pectinata were the least degradable and overall produced lower total gas and CH4 1358 
mL at both 24 h and 48 h. Effects of forage type and hour of incubation (24 h, 48 h) were observed 1359 
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on DMd (P<0.001), OMd (P<0.001), TGP (mL; P<0.001), CH4 (mL; P<0.001), TGP /g DMd 1360 
(P<0.001), TGP /g OMd (P<0.001).  1361 
 1362 
Interaction effects of forage type × hour were observed for DMd (P<0.05) and OMd 1363 
(P=0.001), mostly due to the rapid degradation of M. sativa, which reached 89 % of its’ final (48 h) 1364 
DMd in the first 24 h, compared with C. gayana and A. pectinata (72 – 77 %; Table 3.2).  1365 
When TGP was expressed as a proportion of DM and OM degraded no differences (P>0.05) 1366 
were observed between forages either at 24 h or 48 h (Table 3.2).  However, at 24 h CH4 /g DMd, 1367 
was less (P<0.05) in incubations of dry season A. pectinata compared with lucerne and A. pectinata 1368 
November also produced less (P<0.05) than A. pectinata March. At 48 h, dry season A. pectinata 1369 
November produced less (P<0.05) CH4 /g DMd than M. sativa. The amount of CH4 /g OMd ranged 1370 
from 41.5 to 66.8 mL at 48 h with all three A. pectinata May, Aug and Nov (47.5, 41.5, 48.5 mL 1371 
respectively) producing less (P<0.05) than A. pectinata March, C. gayana and M. sativa (57.6, 54.8, 1372 
62.7 mL respectively). The highest absolute values for CH4 (mL) incubated were found in M. sativa 1373 
(19 mL) and A. pectinata March (17 mL) while the lowest was found in A. pectinata August (3.5 1374 
mL) and November (2.9 mL) /g OM incubated. 1375 
Including incubation (run) and interaction effects in the GLM model improved the error 1376 
term and R2. Incubation had an effect (P<0.05) on all variables despite blank corrections made 1377 
within individual incubations. Interaction plots revealed incubation two produced more (P<0.05) 1378 
gas than one or three. There were no incubation × hour interaction effects. Degradability and gas 1379 
parameters are presented in Table 3.2. 1380 
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 Table 3.2 Mean pH, dry matter degradability (DMd), organic matter degradability (OMd), total gas production (TGP), methane (CH4) production and 1381 
TGP, CH4 per g DM and OM after 1g organic matter (OM) M. sativa, C. gayana and four cuts of A. pectinata (May, August, November 2012 and March 1382 
2013) were incubated in vitro in buffered rumen fluid for 24 or 48h. 1383 
 1384 
all data corrected for blanks 1385 
 a, b, c = least squares means different (P < 0.05) when they do not share a letter within row.1386 
 
A. pectinata           M. sativa          C. gayana  
 
May Aug  Nov  Mar     
Hour 24 48 24 48 24 48 24 48 24 48 24 48 s.e 
TGP mL 44.5
d 73.8bc 42.2d 60.9c 37.8d 61.2c 74.3bc 104.2a 87.6b 102.4a 65.5c 84.9b 4.7 
CH4 mL 4.7fg 10.7cde 3.5g 7.8defg 2.6g 6.4efg 9.8cdef 17.0ab 14.0abc 19.2a 8.0defg 12.2bcd 3.6 
DMd (%) 29.8e 42.5cd 28.0e 38.0d 27.2e 38.2d 44.1c 57.6ab 55.8b 62.8a 39.0cd 54.3b 1.9 
OMd (%) 33.4fg 47.5d 30.1g 41.5e 36.3ef 48.3d 47.1d 62.6ab 58.9bc 66.8a 39.7e 56.0c 1.7 
TGP mL /g DMd 150.8abc 173.7ab 153.6abc 161.0abc 140.4c 160.3abc 169.5abc 180.9a 159.3abc 163.1abc 171.0abc 156.3abc 9.8 
CH4 mL /g DMd 15.9cde 25.3abcd 12.6de 20.5abcde 9.2e 17.1bcde 22.5abcd 29.6ab 25.5abc 30.6a 20.9abcde 22.5abcd 4.6 
TGP mL /g OMd 133.6abc 155.4ab 141.7ab 147.4ab 104.1c 126.6bc 158.2ab 166.5a 149.9ab 153.4ab 166.1a 151.4ab 9.0 
CH4 mL /g OMd 14.0cde 22.7abcd 11.7de 16.5bcde 6.9e 13.4cde 21.0abcd 27.3ab 24.0abc 28.8a 20.3abcd 21.8
abcd 4.3 
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3.3.2 Non-linear regression (NLIN) of cumulative 48 h gas production  1387 
Differences were observed in number of iterations before convergence was reached between 1388 
and within samples. Adjusted R2 were all > 99.2% indicating close fit between predicted and 1389 
observed. The model was a good fit with low standard deviations. Parameters A1 and B1, 1390 
representing the rapidly fermentable fraction/ blank did not differ (P>0.05) between forages or 1391 
incubation run (Table 3.3). Estimated A1 was average 34 mL and T1/2 (h) was 1.1 h (Table 3.3). The 1392 
slowly fermentable fitted curve exhibited a sigmoidal shape with lag phase. Estimated A2 and B2 1393 
parameters differed between forages (P < 0.05). The A2 parameter ranged from 91 mL in A. 1394 
pectinata Nov to 133 mL in A. pectinata March. The highest (P<0.05) T1/2 (h) was for A. pectinata 1395 
May (34.4 h) and lowest (P<0.05) in M. sativa (13.4 h). Figure 3.1 shows the average fitted curves 1396 
for each forage type.  1397 
 1398 
Table 3.3 Mean parameters for total gas production (TGP; mL) fitted to a dual component model 1399 
determined by the equation; Y = A1/ (1+ (B1/t) c) + A2/ (1+ (B2/t) c) 1400 
A,b,c,d = least squares means followed by different letters within a column are different (P < 0.05) A= 1401 
asymptotic gas volume (mL), B = time (h) to half asymptotic gas volume, C= shape parameter1,2 = 1402 
component 1 (blank) and 2 (substrate) of the curve 1403 
 1404 
 1405 
Forage  
 
  Parameters 
Residual 
MS 
Residual 
SD R2  
 
 
n 
A1 B1 A2 B2 C 
   
M. sativa 6 30.1 1.08 116.4a 13.4a 1.92 0.59 0.74 0.99 
C. gayana 5 35.1 1.35 110.6ab 24.7b 2.21 0.71 0.80 0.99 
A. pectinata May 6 34.2 0.99 121.9ab 34.4c 1.86 0.66 0.75 0.99 
A. pectinata Aug 6 35.7 0.97 98.0ab 25.6bc 2.06 0.54 0.73 0.99 
A. pectinata Nov 6 36.1 1.22 91.1ab 28.4bc 1.96 0.44 0.65 1.00 
A. pectinata Mar 6 32.5 0.96 132.6b 24.2b 1.90 0.74 0.84 1.00 
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Figure 3.1 Mean cumulative total gas production (mL) for A. pectinata (Mar, May, Nov, Aug), M. 1406 
sativa(Luc) and C. gayana (Rho) based on  parameters A2, B2 and C among replicates using the 1407 
biphasic equation (Y = A1/ (1+ (B1/t) c) + A2/ (1+ (B2/t) c). Y=cumulative gas production (mL), 1408 
t=incubation time (hr), A = estimated asymptotic gas (mL), B = time (h) at which half the asymptotic 1409 
gas volume is reached, C= a dimensionless parameter determining shape of the curve. 1410 
  1411 
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3.3.3 Methane time series 1412 
Methane measured at 3, 6, 8, and 12 h showed similar between forage trends to that measured at 24 1413 
and 48h. Highest CH4 (mL) was from incubation of M. sativa, followed by A. pectinata March, C. gayana, 1414 
A.pectinata May, August and November (Figure 3.2). At 12 h M. sativa had greater TGP (P<0.001).and CH4 1415 
mL (P<0.001) than other forages. No differences were observed at any other time. Methane production 1416 
appeared to increase after 9-12 h incubation particularly in low quality forages. 1417 
 1418 
 1419 
 1420 
 1421 
Figure 3.2 Methane (CH4; mL)  at 3, 6, 9, 12, 24 and 48 h from 1g OM incubated in buffered rumen 1422 
fluid of A. pectinata (Mar, May, Nov, Aug), M. sativa (Luc) and C. gayana (Rho) 1423 
  1424 
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3.4 Correlations with nutrient composition 1425 
Negative correlations (P<0.001) were observed between all fibre fractions (ADF, NDF) as 1426 
well as DMD (%) and OMD (%) of the forage with TGP, CH4, and total VFAs at 48 h (Table 3.4). 1427 
Positive correlations (P<0.001) were observed for CP with TGP, CH4, DMD (%), OMD (%) and 1428 
total VFA (Table 3.4).  1429 
 1430 
Table 3.4 Pearson’s correlation matrix for nutritive factors acid detergent fibre (ADF), neutral 1431 
detergent fibre (NDF), and crude protein (CP) expressed relative to total gas production (TGP), 1432 
methane production (CH4), DM and OM degradability (DMd, OMd), and total VFA  1433 
  NDF ADF CP 
TGP 
(mL) CH4 DMd% OMd% 
ADF 0.603             
  ***             
CP  -0.705 -0.951           
  *** ***           
TGP 
(mL) -0.533 -0.799 0.765         
  0.001 *** ***         
CH4 
(mL) -0.557 -0.777 0.75 0.896       
  *** *** *** ***       
DMd % -0.616 -0.8 0.801 0.925 0.884     
  *** *** *** *** ***     
OMd % -0.631 -0.705 0.734 0.913 0.863 0.973   
  *** *** *** *** *** ***   
VFA 
mmol/L -0.556 -0.748 0.703 0.669 0.774 0.669 0.612 
  *** *** *** *** *** *** *** 
* = significance at P<0.05 1434 
*** = significance at P < 0.001 1435 
Additional correlations were conducted for only the fibre components and CH4 /g DM and 1436 
OM degraded (Table 3.5). Negative relationships were observed between both measures of CH4 and 1437 
fibre (NDFom/ ADFom), while a positive relationship was apparent with CP. 1438 
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Table 3.5 Pearson’s correlation matrix for fibre components acid detergent fibre (ADF), neutral 1439 
detergent fibre (NDF), and crude protein (CP) expressed relative to methane production (CH4) per g 1440 
DM degraded  1441 
  NDF ADF CP 
    
CH4 /g DMd -0.486 -0.851 0.813  
 
 * ***  *** 
CH4 /g OMd -0.485 -0.874  0.828 
  * ***  *** 
* = significance at P<0.05 1442 
*** = significance at P < 0.001 1443 
3.3.4 In vitro volatile fatty acids  1444 
There were forage (P<0.001), hour (P < 0.05), incubation (P<0.001) effects on total VFA 1445 
mmol L-1. No forage × hour (P=0.87) effects were observed. At 24 h, total VFAs were between 75 1446 
% (A. pectinata May) and 91 % (M. sativa) of their final 48 h concentrations. Overall, more highly 1447 
digestible forages produced more total VFAs (mmol /L) than less digestible forages (Table 3.6) and 1448 
ranked in descending order as follows 1) M. sativa 2) A. pectinata March 3) C. gayana 4) A. 1449 
pectinata May 5) A. pectinata August and 6) A. pectinata November. Absolute concentrations and 1450 
relative proportions of individual acids increased between 24 h and 48 h with the exception of molar 1451 
(%) acetic acid, which decreased in all incubated samples. No differences were observed at 24 h 1452 
between individual forages for proportions of acetic, propionic or butyric acid. At 48 h, propionate 1453 
(%) was lower (P<0.05) in M. sativa and A. pectinata March, compared with A. pectinata 1454 
November. Branched chain fatty acids were greater in M. sativa, A. pectinata March and C. gayana 1455 
than the dry season samples of A. pectinata. No differences in pH were observed within hour, 1456 
although at 48h A. pectinata March was lower than A. pectinata May and August (Table 3.6). 1457 
  1458 
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Table 3.6 Mean total volatile fatty acid (VFA) concentrations (mmol L) and molar proportions of the individual acids, after 1g organic matter (OM) of M. 1459 
sativa, C. gayana and four cuts of A. pectinata (May, August, November 2012 and March 2013) were incubated in vitro in buffered rumen fluid for 24 or 1460 
48h. 1461 
1462 
 
A. pectinata  M. sativa (n=3) C. gayana (n=3)  
 
May (n=3) Aug (n=3) Nov (n=3) Mar (n=3)    
Hour  24 48 24 48 24 48 24 48 24 48 24 48 s.e 
pH 7.0ab 6.9abc 7.0a  6.9abc 7.0a 6.9abcd 6.9abc 6.8d 6.8cd 6.9abcd 6.9abcd 6.85bcd 3.7 
Total 
VFAs 
mmol L-1 
18.1de 23.7cde  19.4de  23.0cde 17.1e  18.6de  33.9abc  34.8ab  35.8ab  39.3a  26.5bcde  28.4abc 
 
4.4 
 (%)              
Acetic 72.5ab 61.2abcde  70.6abc  56.5de 70.7abc  48.1e  74.6a  62.6abcd 67.7abcd 59.4bcde  69.1abcd 58.1cde 4.2 
Propionic 20.2cd  30.5abcd 22.2cd  35.6ab  21.9cd  42.9a  18.0d  27.1bcd 22.6cd  27.1bcd  23.6bcd  32.5abc 4.2 
Butyric 6.3a  7.1a  6.7a  7.3a  7.3a  8.5 a 6.4a  7.4a  7.1a  8.5a  6.2a  7.0a  0.8 
i-valeric 0.05b  0.0b  0.0b  0.0b  0.0b  0.1ab  0.2ab  0.3ab  0.1ab  0.5a  0.0b  0.09ab  0.1 
i-butyric 0.0b  0.1b  0.0b 0.1b  0.0b  0.2ab  0.2ab  0.6ab 0.2ab  0.7a  0.0b  0.2ab  0.2 
Valeric 0.7bc  0.5bc  0.5bc  0.3c  0.6bc  0.8abc  0.5bc  0.8abc  1.0ab  1.3a  0.7abc  0.9abc  0.2 
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3.4 Discussion  1463 
This study quantified in vitro fermentation characteristics of A. pectinata samples of an 1464 
important Australian rangeland grass of forage quality typical in wet and dry season. Differences in 1465 
fermentation kinetics, including gas production have been reported for tropical grasses in Australia 1466 
(Meale et al. 2012) but this is the first study to report in vitro gas values for A. pectinata and the 1467 
first to measure TGP and CH4 for an Australian C4 grass while its’ nutritive value declined under 1468 
seasonal conditions. The study modeled fermentation kinetics and explored associations between 1469 
nutritive values and gas parameters compared with a commonly studied legume (M. sativa) and an 1470 
improved C4 grass (C. gayana).  1471 
Nutritional composition was similar to that reported previously for A. pectinata in wet and 1472 
dry seasons (Squires and Low 1987; Skerman and Riveros 1990; Orr 1981). The degradability (24 1473 
h) of the dry season samples as well as the May sample, was similar to three tropical grasses 1474 
(Andropodon gayanus, Brachiaria ruziziensis and Pennisetum purpureum), with comparable CP 1475 
and DMD %, incubated for the same duration (Meale et al. 2012) but low compared with other 1476 
tropical grasses (Gemeda and Hassan 2014). Initially, the May sample was considered a late wet 1477 
season sample, but it proved to be similar in quality to the dry season samples (Aug/ Nov). All three 1478 
were lower in CP (<70 g /kg DM) and DMD (<55%) than that required to support growth and 1479 
production requirements of cattle (Leng 1990).  1480 
The nutritive potential of forages to ruminants is derived from the degradation of complex 1481 
carbohydrate structures in the plant cell wall, a heterogeneous, non-uniform matrix of 1482 
polysaccharides at varying degrees of solubility (Van Soest 1982). In vitro degradability, dependent 1483 
on the intrinsic enzymatic ability of microbes to cleave glycosidic linkages in this matrix, is affected 1484 
by type and quantity of carbohydrates present. Decreased fermentation products (VFAs, TGP and 1485 
MP) are expected when degradability is reduced in association with advancing maturity in the plant 1486 
(Van Soest 1982). Clear positive correlations were observed in the current study between 1487 
degradability (OMd and DMd) and gas parameters (TGP, total MP) as well as total VFAs and 1488 
explained the majority of variation in these variables for the forages reported here which ranged in 1489 
NDF from 634-743 g /kg DM and CP 29 – 101 g /kg DM. Total gas production and CH4 /g OM 1490 
incubated were similar to values observed for comparable grasses (Meale et al. 2012). The methane 1491 
timeseries appeared to show that the incubations of dry season A. pectinata experienced a plateau in 1492 
   
 
81 
  
 
CH4 production between 6 and 12 h compared with M. sativa which exponentially increased during 1493 
this period. These two samples were low in readily fermentable components and high in fibre. 1494 
Microbes may have preferentially utilised any soluble carbohydrates within the inoculum prior to 1495 
attachment and fibrolytic degradation of the substrate, increase in methane after 12 h suggests that 1496 
fermentation of the substrate had occurred and H2 was available for methanogenesis. This 1497 
hypothesis is supported by the degradability characteristics described in detail below. 1498 
It is generally accepted that high fibre in vivo is associated with more CH4 (Moe and Tyrell 1499 
1979; Johnson and Johnson 1995; Benchaar et al. 2011). Positive correlations have been observed 1500 
in vitro between fibre and CH4 at 24 h of incubation in a range of tropical grasses of comparable 1501 
nutrient composition (Gemeda and Hassen 2014). However, Meale et al. (2012) determined neither 1502 
positive nor negative relationships, and fibre content in the current study was negatively related to 1503 
degradability, total gas, total methane and VFAs. Such diverse responses to fibre content in may 1504 
signal grass species effects, secondary plant compounds responsible for modifying fermentation, or 1505 
differences in techniques, buffers and rumen inoculum. 1506 
High fractional loss of CH4 /g DM degraded is also widely considered an inherent attribute 1507 
of high fibre, low quality forage (Boadi and Wittenberg 2002; Beauchemin et al. 2008; Kurihara et 1508 
al. 1999). However, in this study negative correlations were also observed between fibre content 1509 
and CH4 g 
-1
 DMd. Dry season A. pectinata (Aug/Nov) produced >50 % less (P<0.05) CH4 g 
-1
 DMd 1510 
than M. sativa. The wet season samples of A. pectinata (May and March) had comparable CH4 g 1511 
DMd to M. sativa, indicating that some tropical C4 grasses do not yield a greater fractional loss of 1512 
CH4 compared with legumes. In the three low quality samples, DM degraded from 24 h – 48 h was 1513 
greater than in the three higher quality forages over the same time period. Longer T1/2 (h) in low 1514 
quality forages indicated that further DM degradation could have been achieved with prolonged 1515 
incubation in sufficiently buffered media. However, in vitro systems with the sole purpose of feed 1516 
evaluation terminate at 24 h (Menke et al. 1979), and in vivo the majority of methane is produced 1517 
immediately after feeding. In the incubations with better quality ‘wet season’ forages (March A. 1518 
pectinata, C. gayana and M. sativa) most fermentation had occurred in the first 24 h (versus 24h to 1519 
48 h). This was particularly true of M. sativa, which was degraded to within 11 % of final 48 h 1520 
DMd within the first 24 h. It also had reached T1/2(h) approximately 10 h before any of the C4 1521 
grasses. These characteristics relate to faster rumen outflow rates and higher voluntary intakes 1522 
(Benchaar 2011).  1523 
   
 
82 
  
 
Total VFA mmol L-1 were positively associated with DMd and values were similar to data 1524 
of Meale et al. (2012). Positive correlations between VFAs with both TGP and MP, align with the 1525 
findings of others (Gemeda and Hassam 2014; Moss et al. 2000; Meale et al. 2012).  Stoichiometry 1526 
of VFA production determines the quantity of CO2 and CH4 produced, with formation of acetate 1527 
and butyrate both yielding 2 mol of CO2 and 4 mol of H2 (Ungerfeld and Kohn 2006; Beuvink and 1528 
Spoelstra 1992). By contrast propionate formation utilizes H2 without net CO2 production, which 1529 
are associated with less MP (Ungerfeld and Kohn 2006; Meale et al. 2012). At 24 h, incubations of 1530 
dry season Astrebla contained the greatest (P < 0.05) proportion of propionate at 48 h (42%). 1531 
Propionate proportion of this magnitude is high even in incubations of starch, but concomitantly 1532 
low CH4 concentrations in these bottles support the hypothesis that H2 was incorporated into 1533 
propionate. Prior to correction for VFAs in blank bottles, molar proportions were more typical of 1534 
ratios observed in low quality forage. Prolonged incubation (48h) in a closed system potentially 1535 
favoured inter-conversion of acetate or butyrate (Bergman 1990) to propionate (Ungerfeld and 1536 
Kohn 2006) rather than de novo synthesis of propionate and would not be observed in vivo. A. 1537 
pectinata March had the lowest propionate proportion, although a net increase in total VFAs means 1538 
that absolute propionate mmol L-1 would have been greater. The majority of VFAs were produced 1539 
in the first 24 h, and molar proportions between all forages at that time were similar. However, after 1540 
48h decreased acetate and increased propionate/ butyrate support the possibility that inter-1541 
conversion of acetate to longer chain fatty acids was occurring in later stages of fermentation. Iso-1542 
butyric and iso-valeric branched chain VFAs were increased (P < 0.05) in samples with greater CP 1543 
content (A. pectinata March and M. sativa) being derived from proteolysis of branched chain amino 1544 
acids.   1545 
The multiphasic model (Groot et al. 1996) allows flexibility in fitted curves when gas 1546 
measurements are of sufficient frequency to produce high resolution gas curves (Groot et al. 1996; 1547 
Wang et al. 2011) compared with traditional Gompertz models (Ørskov and McDonald 1979). The 1548 
eventual lysis and fermentation of microbial cells after prolonged incubation is a third phase 1549 
hypothesised by Cone et al. (1996). In this case, including a 3rd phase did not improve the error 1550 
term.  1551 
For feed evaluation purposes, Fahey (1994) advises against the use of inoculum from 1552 
animals fed diets of CP <100 g /kg DM. However, half of the beef cattle in Australia graze low 1553 
quality forages well below this level throughout the dry season (6-8 months; Poppi and McLennan 1554 
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1995). Given wide spread adoption of in vitro gas production systems to estimate MP from forages 1555 
low in N (Meale et al. 2012; Banik et al. 2013; Gamen and Hasseda 2013), some further attention 1556 
needs to be directed to the influence of inoculum from cattle consuming these low quality diets on 1557 
MP. In the extensive rangelands the real value of A. pectinata is its’ persistence throughout the dry 1558 
seasons (Orr 1975) and it is not unreasonable to expect inoculum activity, to be divergent between 1559 
seasonal changes in pasture quality in northern Australia. In vitro techniques should be validated 1560 
and effects of inoculum on DMd and emissions data accounted for.  1561 
 1562 
3.5 Conclusions 1563 
Dry season A. pectinata samples have lower total methane and methane /g DM incubated 1564 
compared with moderate quality A. pectinata (wet season), C. gayana and M. sativa. Tropical C4 1565 
grass A. pectinata in the wet season has similar total gas and MP to improved C4 grass C. gayana 1566 
and a temperate legume when CH4 is expressed /g DMd. 1567 
  1568 
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Abstract This study determined the effect of inoculum source on in vitro MP across six 1587 
tropical grasses and one temperate legume. Two sources of inocula were used from steers fed diets 1588 
typical of northern Australian rangelands. Pasture inoculum (PASi) was collected from donor steers 1589 
adapted (42 d) to moderate quality Urochloa mosambicensis (Sabi grass) pasture (Dry matter 1590 
digestibility (DMD) 63%; crude protein (CP) content 88 g/kg DM), and low quality inoculum 1591 
(LQHi) was collected from Chloris gayana (Rhodes grass) hay (DMD 41%; CP content 31 g/kg 1592 
DM). An in vitro batch culture technique (Ankom Gas Production System) used 125 mL buffered 1593 
inoculum and measured cumulative total gas production (TGP). The concentration of methane 1594 
(CH4) in the head space, volatile fatty acids (VFAs), apparent dry matter degraded (DMd) and 1595 
organic matter degraded (OMd) was determined from 3 x 48 h fermentations of 1g organic matter 1596 
incubated (OMi) of each of six tropical grass substrates. Organic matter degradability, DMd, 1597 
methane production (MP) and TGP, was analysed using a general linear model (Minitab v17) with 1598 
Tukey’s post hoc mean comparisons and considered significantly different at P<0.05. Regression 1599 
analysis determined relationships between nutritive constituents and gas measurements.  At 24 h 1600 
forages incubated in LQHi compared with PASi, produced more TGP (70.1 v. 63.2 mL; P<0.05), 1601 
similar MP (8.1 v 8.8 mL), and VFAs (16.2 v 21.2 mmol/L) but were degraded to a greater extent 1602 
(DMd 36.6 v 34.7%; OMd 37.3 v. 35.7%; P<0.05). At 48 h, LQHi had similar TGP (94.3 v 94.5 1603 
mL), less MP (13.3 v 18.8 mL; P<0.05), similar VFAs (40.4 v 34.7 mmol/L) and were degraded to 1604 
a greater extent (DMd 47.6 v 43.7%; OMd 49.5 v. 46.7 %). Fractional loss of CH4 mL/ g DMD 1605 
were lower in forages incubated in LQHi compared with PASi (21.2 v 25 mL; P<0.05). Substrates 1606 
that were more degradable produced greater quantities of TGP, CH4, and VFAs. At 48 h, Methane 1607 
and TGP were positively associated with CP (R2=0.98; R2=0.96 respectively). Total gas production 1608 
was negatively associated with ADFom (R2=0.79). The inoculum effect was greater on CH4 1609 
production than TGP.  1610 
  1611 
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4.1 Introduction  1612 
Measuring methane production (MP) from feedstuffs in vitro is a common method to screen 1613 
feeds for methanogenic potential. Lee et al. (2003a) first adapted the in vitro gas production 1614 
technique used for feed evaluation (Menke et al., 1979). Favourable comparisons between in vitro 1615 
and in vivo estimates of MP were drawn by Getachew et al. (2004) and Blümmel et al. (2005). In 1616 
vitro gas production measurement has also been used to screen tropical Australian grasses for MP 1617 
(Meale et al., 2012; Gemeda and Hassan, 2014).  1618 
The source of rumen fluid inoculum for incubations is arguably the most influential factor 1619 
on this methodology for evaluation of feed degradability (Rymer et al., 2005; Bueno et al., 2005; 1620 
Mould et al 2005). Inoculum activity is known to be mainly dependent on the diet fed to the donor 1621 
animals (McLeod and Minson 1969; Huntington et al.1998). Inoculum effect is minimal on VFA or 1622 
asymptotic total gas production (TGP) of incubated forages (Meinke and Steingrass, 1988; 1623 
Huntingdon et al., 1998; Bueno et al., 2005). However, in vitro OMD declines when less fibrous 1624 
material from the rumen is included in the inoculum (Bueno et al., 2005). McLeod and Minson 1625 
(1969) reported the dry matter degradability (DMd) of Chloris gayana (Rhodes grass) was reduced 1626 
by as much as 20% when incubated in inoculum from sheep that were fed low quality Digitaria 1627 
eriantha (Pangola grass; 0.8% N) compared with inoculum from sheep fed a high quality forage, 1628 
Medicago sativa (Lucerne; 3.7% N). Fahey (1994) advised against using inoculum for in vitro 1629 
studies from animals consuming CP less than 100g/ kg DM, but  approximately 50% of the national 1630 
beef herd in Australia consume low quality native grass pastures (DMD < 55%; CP<5%) for 6-8 1631 
months of the year (Leng 1990; Poppi and McLennan 1995; Bortolussi et al. 2005). Low quality 1632 
diets decrease rumen pools of ammonia, microbial protein synthesis, VFAs and intermediary 1633 
substrates required for optimal digestion and utilisation of plant material compared with wet season 1634 
diets (December to April; Ternouth 1990; Poppi and McLennan 1995; Leng 1990).  1635 
Inoculum effect on in vitro gas production is well documented but focused on factors 1636 
influencing standardisation of the relationship between TGP and DMD (Fahey 1994; Bueno et al., 1637 
2005; Mould et al., 2005 and Rymer et al., 2005). Hatew et al. (2015) investigated diets with fast 1638 
and slow starch fermentability, on in vivo MP from Holstein cows; and the effect that inoculum 1639 
from adapted cows had on 24 h in vitro MP. MP in vitro was lower in rapidly fermentable starch 1640 
inoculum compared with slowly fermentable starch inoculum and Hatew et al. (2015) propose 1641 
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altered fermentation profiles in the inocula. No data is available concerning the effects that 1642 
substantial seasonal shifts in forage quality might have on in vitro MP.  1643 
Direct measurement of enteric CH4 in extensive grazing environments presents a 1644 
considerable challenge and in vitro measurement offers an alternative and inexpensive method to 1645 
screen feeds for MP. There is little information regarding the effect of inoculum source on in vitro 1646 
MP. The aim of this study was to measure the effect of inoculum on in vitro MP between dry and 1647 
wet season C4 grasses on in vitro gas production parameters. 1648 
 1649 
4.2. Materials and Methods 1650 
4.2.1 Forage sampling 1651 
The tropical grasses used were representative of those commonly grazed across northern beef 1652 
systems. Astrebla pectinata (Barley Mitchell grass) was harvested from a paddock (1400 hectares) 1653 
on the Barkly Tablelands, Northern Territory, Australia (18 º 64´ S, 135 º 94´ E) in the late wet 1654 
season (May 2012), the dry season (August and November 2012) and the early/mid wet season 1655 
(March 2013). At each sampling, approximately 2 kg of fresh pasture biomass was cut 3 to 5 cm 1656 
from the tussock tips at 10 x 10 m intervals on 3 x 100 m transect in accordance with observed 1657 
grazing behaviour. A low quality C. gayana hay (LQH) was sourced from the Burdekin Basin, 1658 
Charters Towers, QLD (20.10° S, 146.27° E) and a wet season Urochloa mosambicensis pasture 1659 
(PAS) was also sampled. Medicago sativa (Lucerne) hay was purchased and included as a 1660 
comparative commonly studied legume. 1661 
4.2.2 Chemical composition 1662 
All forage samples were bulked, subsampled, oven dried (55 ºC) to constant weight and 1663 
ground to pass a 1 mm screen (Retsch SM100, Germany). Acid detergent fibre (ADF) and neutral 1664 
detergent fibre (NDF) were determined using the Ankom A200 Fibre Analyzer filter bag technique 1665 
(Methods 12 and 13 respectively; Ankom Technology Corp., Macedon, NY, USA; Mertens 2002). 1666 
NDF was determined using heat stable α-amylase (aNDF; Sigma Chemical Co., St. Louis, MO, 1667 
USA) without sodium sulphite (Goering and Van Soest 1970). Lignin was determined on ADF post 1668 
immersion in sulphuric acid. Nitrogen (N) content was measured using Kjeldahl (Foss Kjeltec 8400, 1669 
Denmark Application Note 300 Rev 8.0) block digestion and steam distillation. Crude protein (CP) 1670 
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was calculated as N x 6.25. Dry matter (DM) content was determined in duplicate by drying at 105 1671 
°C for 24 h, and subsequently organic matter (OM) determined by ashing the dried samples at 550 1672 
ºC for 8 h in a muffle furnace. Analyses for all chemical constituents were conducted in duplicate. 1673 
Apparent dry matter digestibility (DMD) was determined by incubation with a set of known in vivo 1674 
standard feeds in a DAISY (Ankom Technology Corp., Macedon, NY, USA) apparatus with 1675 
subsequent pepsin digestion (Holden 1999). The composition of the forages is shown in Table 4.1. 1676 
A OM: organic matter (100-Ash), CP: crude protein (N X 6.25); aNDFom: neutral detergent fibre assayed with a heat 1677 
stable amylase and expressed inclusive of ash; ADF: acid detergent fibre expressed inclusive of ash; ADL = acid 1678 
detergent lignin; cellulose = (ADF – ADL); hemicellulose = (aNDF – ADF); DMD = dry matter digestibility 1679 
 1680 
4.1.2 Donor animals and diets 1681 
Donor inoculum was sourced from fistulated Bos indicus (Brahman) steers managed in accordance 1682 
with experimental guidelines approved by CSIRO Animal Ethics Committee (A19/2014) and the 1683 
Australian Code of Practice for the Care and Use of Animals for Scientific Purposes (NHMRC, 1684 
2004). Two groups of steers (n=4 each) were fed ad libitum either U. mosambicensis pasture (PAS) 1685 
or low quality C. gayana hay (LQH) for 42 d prior to the first in vitro incubation. The inoculum 1686 
Table 4.1. Chemical composition (g /kg DM) of the forages used in the in vitro incubation (duplicate mean 
± s.e). 
NutrientA Astrebla pectinata 
Medicago 
sativa 
Chloris 
gayana 
Urochloa 
mosambicensis 
g/DM basis May Aug Nov Mar - LQH PAS 
OM 886  881  873  846  886  965 886 
CP  57  29  39  106  158  31 90 
aNDFom 743  658  637  634  485   770 614 
ADFom 403  414  429  351  340  461 324 
ADL 107  126  130  43  - - - 
Cellulose 296 295 299 308 - - - 
Hemicellulose 340 244 208 283 - - - 
DMD 490 380 410 600 - 410 630 
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from PAS and LQH fed steers was designated pasture inoculum (PASi) and low quality inoculum 1687 
(LQHi), respectively. 1688 
4.1.3 In vitro experimental design 1689 
The in vitro protocols of Machado et al. (2014) were followed. In brief, for each of the in 1690 
vitro incubations; rumen fluid (RF), ~1.6 L (approximately 0.4 L per animal per group) from each 1691 
of the LQHi and PASi groups were collected on the morning prior to the incubation (0800). A 1692 
single bottle for each forage type, inoculum source (PASi, LQHi) and hour of removal (24 h, 48 h) 1693 
was included in each of three runs. At the end of the last run there were three replicates for each 1694 
forage sample incubated in each inoculum for each hour. Blanks were included in each run.  1695 
4.2.3 In vitro incubation procedure 1696 
A series of three in vitro batch incubations were conducted using an Ankom RF Gas 1697 
Production System (Ankom Technology, New York, USA). A handheld blender was used to blend 1698 
pooled RF from each inoculum source for 30 sec prior to straining through a 1 mm mesh into a 2 L 1699 
beaker which was placed in a 39 ºC water bath under continuous N2 flushing. The forages described 1700 
in section 2.1 were weighed in duplicate into pre-warmed 250 mL Schott bottles and 125 mL rumen 1701 
medium added, containing 1:4 ratio of rumen fluid (RF) to buffer (Goering and Van Soest, 1970). 1702 
Bottles containing rumen medium, but no substrate, were included as blanks. 1703 
After rumen media was added, bottles were fitted with a pressure module (Ankom Gas 1704 
Production System; Tech Corp, NJ, USA), purged with N2 and placed in one of three incubators 1705 
(OM11 model, Ratek Instruments Pty, VIC, Australia) maintained at 39 ºC and oscillated at 85 rpm. 1706 
Cumulative gas pressure was recorded for each individual bottle at 20 min intervals. Bottles 1707 
automatically vented when a pressure threshold of 3 psi was reached. Bottles were removed at 24 h 1708 
and 48 h for measurement of volatile fatty acids (VFAs), dry matter and organic matter 1709 
disappearance (DMd and OMd respectively). Headspace gas was taken prior to removal for 1710 
methane measurement at 24, and 48 h. 1711 
4.2.5 Methane collection and analysis 1712 
Headspace gas samples were collected manually into 10 mL Exetainers™ at 24 h and 48 h 1713 
for incubation, and stored at room temperature. From these samples 0.5 mL was injected into a gas 1714 
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chromatograph (GC; Varian CP-3800), equipped with a BR Q-Plot 30 m x 0.53 mm ID column and 1715 
a Flame Ionization Detector (FID). The injector temperature was 200 °C, while column temperature 1716 
ramped from 65 °C to 89 °C at a rate of 6.0 °C min-1 with a total run time of 4 min. Helium was 1717 
used as the carrier gas at 2.8 mL min-1. Four external standards of known composition: 1) CH4 0% 1718 
and CO2 0% in N2; 2) CH4 3% and CO2 7% in N2; 3) CH4 8.89%, 15.4%, and H2 16.8% in N2; and 1719 
4) CH4 19.1%, CO2 27.1%, and H2 38.8% in N2 (BOC, Townsville, QLD, Australia) were injected 1720 
prior to sample analysis for construction of a standard curve to quantify unknown CH4 1721 
concentration. Measured CH4 concentration was related to the total gas volume (Tavendale et al. 1722 
2005). In all calculations, energy value and mass of methane was expressed using standard 55.22 1723 
MJ/ kg CH4 and 0.716 g/L CH4 factors, respectively (Brouwer 1965). 1724 
4.2.6 End Point Filtration 1725 
At 24 h and 48 h of incubation bottles were removed from the incubator and cooled on ice to 1726 
20 ºC, for pH measurement (PHM220 Lab pH Meter, Radiometer Analytical, Lyon, France). The 1727 
contents of the bottles were then filtered through a sintered glass crucible (porosity No.1; 100 - 140 1728 
µm) and 4 mL of filtrate collected in duplicate 5 mL tubes containing one part 25% metaphosphoric 1729 
acid for determination of volatile fatty acids (VFAs). The remaining fluid was drained under 1730 
vacuum and the residue dried at 100 ºC prior to ashing at 550 ºC overnight for calculation of DMd 1731 
and OMd, respectively. Calculations to determine DMd, OMd,and methane per g OM and DM 1732 
degraded was calculated as described by Meale et al.(2012) where (h) = hour of incubation; 1733 
 1734 
1.  𝐷𝑀𝐷 =
[initial DM − (dry residue sample (h) − dry residue blank (h))]
initial DM
 1735 
 1736 
2.  𝑂𝑀𝐷1737 
=
[initial OM − (dry residue sample (h) − ashed sample (h)) − ((dry residue blank (h) − ashed blank (h))
initial OM
 1738 
 1739 
Fractional losses of CH4 were ascertained with the following equation; 1740 
CH4 mL / g DM or OM digested = (TGP mL (h) x ([CH4 % (h)] – TGP blank mL (h) x [CH4 % blank 1741 
(h)] / g DMd (h) or OMd (h)  1742 
 1743 
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4.2.7 Volatile fatty acids 1744 
Ruminal VFA concentrations were determined by gas chromatography (GC; Cottyn and 1745 
Boucque 1968). In brief, thawed samples were centrifuged at 2000 g for 20 min.  Triple deionised 1746 
water (2.0 mL) was pipetted into 5 mL tubes, 1.0 mL of the sample or standard added to each tube, 1747 
and 1.5 mL of the mixture filtered through a 0.45 µm membrane filter into a 2 mL Auto Sampler 1748 
vial. Samples were then analysed on a Shimadzu 17A GC (Shimadzu Corp., Kyoto, Japan) fitted 1749 
with an AOC-201 Auto Injector and FID detector. Separation was achieved using a ZB-FFAP 30 m 1750 
x 0.53 mm x 1.0 µm column (Phenomonex, CA, USA). The injection port, detector oven and 1751 
column oven were set at 180, 210 and 85 °C, respectively. The temperature program was initially 1752 
set to 85 °C for 4 min and then increased rapidly to 200 °C over 15 min. The carrier gas was high 1753 
purity Helium with a flow rate of 5 mL min-1. Concentrations of rumen VFAs (mM) were 1754 
calculated by external calibration using known standards (Sigma-Aldrich, Castle Hill, New South 1755 
Wales, Australia).  1756 
4.1.4 Statistical analysis  1757 
All data was corrected for blank bottles. The DMd, OMd, pH, TGP and CH4 at both 24 h 1758 
and 48 h were analysed using the general linear model of Minitab 17. Hour of incubation, inoculum 1759 
source, forage type and all interactions were included as fixed effects. Incubation run was also 1760 
included as a fixed effect. Post hoc comparisons between means were calculated using Tukey’s post 1761 
hoc procedure. An initial screening of data in Minitab 17 identified unusual residuals and where 1762 
necessary (>3 standard deviations from the mean) these were removed from subsequent analysis. 1763 
Results are reported as least squares means (± s.e) and effects deemed significant at P<0.05. 1764 
Correlations between gas production and nutritive parameters were determined using Pearson 1765 
correlation and linear regression. 1766 
 1767 
4.3 Results  1768 
Inoculum source had an effect (P<0.001) on degradability, and gas parameters. At 24 h, 1769 
DMd was greater for samples incubated in LQHi compared with PASi (37% vs. 35%, P<0.05) and 1770 
at 48 h, greater OMd and DMd were observed in LQHi compared with PASi (DMd 48% vs 44%, 1771 
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P< 0.05, OMd 50% vs 47%, P<0.05). Accordingly, at 24 h LQHi incubated samples produced more 1772 
gas than PASi samples (70 mL vs. 63 mL, P<0.05, Table 4.2), although the difference was 1773 
negligible by 48 h (94 mL vs. 95 mL). However, total CH4 (mL); although similar at 24 h (8.1 v 8.8 1774 
mL); was ~30% lower in forages incubated in LQHi compared with PASi at 48 h (13.3 mL vs 18.8 1775 
mL, P<0.05).  1776 
When gas parameters were expressed as a proportion of unit degraded, no difference were 1777 
found (P>0.05) between the source of inocula for TGP mL/g DM or OM degraded at 24 h. 1778 
However, at 48 h forages incubated in PASi had higher (P<0.05) TGP per unit of DM or OM 1779 
degraded than those incubated in LQHi (218 mL vs. 186 mL/g DMd, 202 mL vs. 177 mL/g OMd, 1780 
Table 4.3). Methane (mL) was lower (P<0.05) per g DMd (21.2 v 25.0) and OMd (20.1 v 23.9) in 1781 
LQHi incubated samples compared with PASi (Table 4.3). At 48 h, LQHi incubations also 1782 
produced less CH4 mL/g DMd (27 vs 43 mL/g DMd, P< 0.05, Table 4.3) and OMd (26 vs 40 mL/g 1783 
OMd, P< 0.05, Table 4.3).  1784 
Forage type exerted an influence on all fermentation parameters, DMd (P<0.001), OMd 1785 
(P<0.001), total VFAs mmol/L (P<0.05), TGP (P<0.01) and CH4 (P<0.001). M. sativa was the most 1786 
degradable sample (LQHi, 68% DMd and OMd), had the highest TGP, and the highest CH4, and 1787 
compared with the tropical grasses regardless of inoculum. M. sativa also had the lowest fractional 1788 
losses of TGP per g DMd and OMd. However it had CH4 mL/g DM degraded (24 h, PASi, 29.4, 48 1789 
h, PASi, 30.0 mL) comparable to tropical C4 grass, A. pectinata in March (24 h, PASi, 30.4, 48 h, 1790 
PASi, 47.6 mL). The greatest fractional TGP mL/g DM loss was observed in C. gayana when 1791 
incubated in LQHi (24 h, LQHi, 216, 48 h, 210 mL) and at 48 h (240 mL) in PASi (Table 4.3). Of 1792 
the tropical grass samples used A. pectinata harvested in March was the most degradable (LQHi, 24 1793 
h 45% DMd, and OMd) produced the most gas (TGP in LQHi, 94.3 mL at 24 h and in LQHi, 123 1794 
mL at 48 h), and the most methane (24 h 9.6 mL, 48 h, 26.7). At 24 h, the C. gayana hay had the 1795 
lowest TGP (PASi, 43.2 mL, LQHi, 44.6 mL), CH4 (PASi, 4.0 mL, LQHi, 4.8 mL), DMd (PASi, 1796 
20%, LQHi, 21%) and OMd (LQHi, 21%, PASi, 22%). At 48 h the two poor quality dry season A. 1797 
pectinata samples (Aug, Nov) and the LQH had the lowest of all these variables (Table 4.2). 1798 
Predictably, due to the progressive nature of fermentation, a time effect (P<0.001) was 1799 
observed on DMd, OMd and CH4 (P<0.001) with a trend (P=0.06) on TGP, all increased between 1800 
24 h and 48 h. A time x forage interaction was observed (P<0.001). Higher quality forages, M. 1801 
sativa, A. pectinata (March) and U. mosambicensis pasture produced 90, 74, and 70% of their 48 h 1802 
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gas by 24 h (Table 4.2). A. pectinata August, November and May produced 62, 64 and 65%, 1803 
respectively, compared with C. gayana hay which only produced 57 % of final gas volume at this 1804 
time (Table 4.2).  1805 
TGP and degradability did not appear linearly related after 24 h. This resulted in lower TGP 1806 
per g DM or OM degraded at 48 h compared with 24 h. M. sativa was within 95% of final 48 h 1807 
DMd by 24 h. By comparison, at 24 h, C. gayana was only ~50% of 48 h DMd and this was most 1808 
pronounced in the LQHi inoculum (22% vs 42%). No effect of inoculum (P=0.18) was observed on 1809 
proportion of final gas volume (48 h) reached by 24 h.  1810 
 1811 
  1812 
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Table 4.2 Mean apparent dry matter degradability (DMd), apparent organic matter degradability (OMd), total gas production (TGP), and methane 1813 
(CH4) production from forage substrates incubated in vitro in either low quality inoculum (LQHi) or high quality inoculum (PASi) for 24 h and 48 h. 1814 
 Forage Astrebla. pectinata   
M
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M
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s.e.m 
24 h  48 h  24 h 48 h  
                     
TGP mL LQHi 61.4 46.4 52.8 94.3 81.2 44.6 109  82.5 69.2 76.0 123 108 77.9 119  70.1a 93.7a 4.8 
 
PASi 48.0 43.5 44.1 85.6 70.6 43.2 107  84.9 76.3 74.6 118 106 77.0 125  63.2b 94.5a 
 
CH4 mL LQHi 6.3 4.2 4.9 12 9.3 4.0 15.4  8.7 7.9 9.0 19.5 17.9 9.6 20.1  8.1a 13.3a 0.92 
 
PASi 6.0 5.5 4.8 13.4 9.6 4.8 18.3  16.4 14.0 14.2 26.7 20.3 14.8 28.0  8.8a 18.8b 
 
DMd% LQHi 30 29 27 45 42 21 65  41 34 37 60 54 40 68  36.6a 47.6a 0.02 
 PASi 26 26 25 42 40 20 64  39 33 36 51 51 32 63  34.7b 43.7b  
OMd% LQHi 31 28 29 47 42 21 64  43 38 40 61 56 42 68  37.3a 49.5a 0.02 
 PASi 27 30 27 44 40 22 61  42 39 39 56 52 35 65  35.7a 46.7b  
                     a, b = different letters within columns for individual variables e.g CH4 mL indicates that overall inoculum effect is significant for that variable 1815 
  1816 
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Table 4.3 Total gas production (TGP), methane (CH4) per g degraded DM and OM when forage substrates were incubated in vitro in either low 1817 
quality inoculum (LQHi) or high quality inoculum (PASi) for 24 or48 h. 1818 
 Forage Astrebla. pectinata   
M
. 
 s
a
ti
va
 
 Astrebla. pectinata   
M
. 
 s
a
ti
va
 
 
 
 
 
Mean 
Model 
 
In
o
cu
lu
m
 
S
o
u
rc
e 
May  Aug  Nov Mar  PAS LQH  May  Aug  Nov Mar  PAS LQH  s.e.m 
Parameter  24 h  48 h  24 h 48 h  
                     
TGP mL/g 
DMd 
LQHi 207 181 194 210 191 216 171  199 170 172 203 180 210 165  196a 186a 19.1 
 PASi 212 197 201 205 200 144 184  215 228 206 234 209 240 196  192a 219b  
TGP mL/g 
OMd 
LQHi 201 164 184 201 196 210 174  185 147 160 194 181 198 173  190a 177a 15.6 
 PASi 203 180 189 198 194 142 182  201 195 190 212 204 222 192  184a 203b  
CH4 mL/g 
DMd 
LQHi 21.5 16.2 18.0 26.7 22.7 19.4 24.2  21.4 21.4 24.7 32.7 34.2 24.7 29.7  21.2a 26.9a 2.32 
 PASi 23.6 20.3 22.1 32.3 23.3 25.6 28.1  42.7 41.9 39.4 47.1 39.9 46.7 43.8  25.0b 43.1b  
CH4 mL/g 
OMd 
LQHi 20.8 14.7 17.1 25.6 23.3 18.8 24.5  20.3 19.7 22.9 32.4 33.2 23.6 29.7  20.1a 26.0a 2.11 
  PASi 22.3 18.1 19.7 30.4 23.5 23.9 29.4  39.7 35.9 36.4 42.6 38.8 43.2 43  23.9b 40.0b   
a, b = different letters within columns for individual variables e.g CH4 mL indicates that overall inoculum effect is significant for that variable 1819 
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4.3.1 Effects on pH, and VFA. 1820 
There was an effect of forage type (P<0.001) and incubation (P<0.05), but not 1821 
inoculum source on (P=0.185) pH. The buffer had an initial pH of 6.86 and mean pH was 1822 
not different between inocula (LQHi = 7.1 ± 0.7, PASi = 7.0 ± 0.3, n=3). The pH ranged 1823 
from 6.62 (A. pectinata March, LQHi at 48 h) to 6.82 (A. pectinata August, LQHi, 48 h). 1824 
The final overall mean pH values were 6.7 for both inocula. Total VFAs (mmol/L) 1825 
increased between 24 h and 48 h (P<0.001, Table 4.4) and were higher (P<0.05) in PASi 1826 
incubated samples except for C. gayana. Proportionally, acetic acid was greater in LQHi 1827 
incubated samples, while propionic and butyric acids greater in PASi incubated samples 1828 
(P<0.05, Table 4.4). Acetic acid (%) decreased between 24 h and 48 h in both inocula 1829 
(P<0.05).  1830 
  1831 
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Table 4.4 Total volatile fatty acid (VFA) concentration (mmol/L) and molar proportions (%) of individual acids for each of seven roughages 1832 
incubated for 24 h and 48 h in rumen fluid from animals fed either low quality C. gayana hay (LQH) or U. mosambicensis pasture (PAS) 1833 
 Forage  Astrebla. sp   
M
. 
 s
a
ti
va
  Astrebla. sp   
M
. 
  
sa
ti
va
  
In
o
cu
lu
m
  
M
ea
n
 
 
   May  Aug  Nov Mar  PAS LQH  May  Aug  Nov Mar  PAS LQH  s.e.m 
Parameter  Source 24  48  24 48  
Total VFA LQHi 10.0 11.6 11.6 18.3 17.2 15.4 29.5  21.9 32.0 37.2 48.8 49.0 28.5 51.2  16.2a 40.4a 5.2 
(mM/L) PASi 16.3 12.1 12.1 30.1 32.5 13.3 31.6  25.1 52.7 51.1 43.8 19.2 26.3 38.5  21.2a 34.7a  
Acetic  LQHi 68.4 84.2 76.5 66.3 72.6 75.6 66.8  69.4 76.0 74.2 68.8 74.8 64.0 69.2  72.9a 70.9a 4.5 
% PASi 67.1 83.5 66.5 67.4 67.3 67.6 66.4  59.3 63.0 65.7 61.3 65.3 65.7 74.6  69.4a 64.9a  
Propionic LQHi 21.3 12.5 24.7 20.5 20.4 24.6 20.4  25.1 20.5 20.5 20.5 27.0 22.1 21.4  21.0a 18.7a 3.2 
% PASi 25.5 12.6 21.0 23.5 22.2 18.8 23.6  21.3 18.5 16.5 19.8 20.7 16.0 18.1  20.0a 22.4b  
Butyric LQHi  7.3  4.5  5.1  8.8  5.7  4.5  6.4   8.3  4.9  6.3  6.8  8.3  9.6  4.7  6.0a 7.7a 1.9 
% PASi 11.3  5.2  9.9 10.5 10.2  8.2  9.7  13.2 12.1 10.3 12.3  0.0 15.1 10.0  9.3b 9.6b  
Iso-Butyric LQHi 0.0 0.0 0.0 0.7 1.0 0.5 0.0  0.5 0.2 0.8 1.1 0.6 1.2 0.7  0.31a 0.73a 0.3 
% PASi 0.0 0.0 0.0 0.4 0.8 0.0 0.5  0.6 1.0 0.9 1.4 0.8 0.7 0.0  0.80a 0.76a   
Iso-valeric LQHi 0.0 0.0 0.0 0.3 0.4 0.0 1.1  0.4 0.0 1.3 2.0 0.8 2.3 0.7  0.16a 1.1a 0.2 
% PASi 0.0 0.0 0.0 0.1 0.0 0.0 1.0  0.7 0.8 1.4 2.5 1.3 0.9 0.0  0.26a 1.1a  
Valeric LQHi 0.7 0.3 0.3 0.4 0.8 0.7 1.2  0.8 0.6 0.6 0.9 1.4 1.0 0.5  0.74a 0.9a 0.3 
% PASi 0.9 0.2 0.2 0.6 0.9 1.3 1.5  1.1 1.6 1.6 1.2 2.0 1.2 0.0  0.80a 1.2a  
a, b = different letters within columns for individual variables e.g CH4 mL indicates that overall inoculum effect is significant for that variable 1834 
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4.3.2 Regression with nutritive values 1835 
A positive linear relationship (P<0.05) was observed between CP (g/kg DM) and TGP (mL) 1836 
at 48 h. Similar regression equations were achieved in both sources of inoculum at 48 h. When M. 1837 
sativa was removed an improvement in the regression relationship as indicated by changes in R2 1838 
from 0.84 to 0.96 in LQHi and 0.91 to 0.97 for PASi incubations (Figure 4.1). Positive linear 1839 
relationships between CH4 and CP (g/kg DM) were also observed at 24 h (PASi, R
2 = 0.90; LQHi, 1840 
R2 = 0.91) and at 48 h (R2= 0.98; P<0.001) for both inocula, although PASi incubated samples had 1841 
greater CH4 (Figure 4.2). In contrast, a negative relationship was observed (P<0.001) between 1842 
ADFom content of the forages and TGP (Figure 4.3).  1843 
 1844 
 1845 
 1846 
Figure 4.1 The  relationship between crude protein (CP) g/kg DM and in vitro total gas production (48 1847 
h; CH4; mL) from six tropical grasses incubated  in rumen fluid from steers fed either low quality C. 1848 
gayana hay (LQHi; grey circles; solid line; y=0.6399x + 52.14; R2=0.96) or moderate quality U. 1849 
mosambicensis pasture (PASi; black squares; dotted line; y = 0.5599x + 56.996; R2=0.97) when M. 1850 
sativa was excluded from the analysis. 1851 
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 1856 
Figure 4.2 The relationship between crude protein (CP) g/kg DM and mean in vitro methane (48 h; 1857 
CH4; mL) for six tropical grasses and a legume incubated  in rumen fluid from steers fed either low 1858 
quality C. gayana hay (LQHi; grey circles; solid line; y = 0.1128x + 10.612; R² = 0.98) or moderate 1859 
quality U. mosambicensis pasture (PASi; black squares; solid line; y = -0.0007x2 + 0.2317x + 1.4652; R² 1860 
= 0.89). 1861 
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Figure 4.3 The  relationship between acid detergent fibre exclusive of residual ash (ADFom) g/kg DM 1867 
and in vitro total gas production (48 h; TGP; mL) for six tropical grasses and a legume incubated in 1868 
rumen fluid collected from steers fed either low quality C. gayana hay (LQHi; grey circles; dotted line; 1869 
y = -0.3787x + 241.08 R² = 0.7489) or moderate quality U. mosambicensis pasture (PASi; black 1870 
squares; solid line; y = -0.3681x + 237.7 R² = 0.7945). 1871 
 1872 
4.4 Discussion 1873 
Inoculum sourced from cattle consuming diets representative of wet or dry season northern 1874 
Australian C4 grass on in vitro fermentation parameters affects fermentation parameters particularly 1875 
MP and degradability. Several samples of A. pectinata harvested at different growth stages between 1876 
the wet and dry season in northern Australia were used to develop in vitro gas data for this grass 1877 
type, as well as two additional C4 grasses, U. mosambicensis grass and C. gayana. Associations 1878 
between nutritive values and gas parameters per inoculum type were modelled in comparison to a 1879 
commonly studied temperate legume (M. sativa). Forages ranked according to degradability, 1880 
regardless of inoculum, but significant differences between inocula were observed in relation to 1881 
VFAs, MP, and TGP. 1882 
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In vivo, longer retention time of low quality fibrous feed is associated with increased 1883 
digestibility (Okine and Mathieson 1991) due to more extensive time for bacterial attachment, 1884 
increased duration in the rumen for hydrolysis of material and improved conditions for the growth 1885 
of slow growing microorganisms, most importantly the cellulolytic bacteria and fungi (Van Soest 1886 
1982). However, longer retention time is also generally regarded as one of the factors, along with 1887 
lower propionate, contributing to a higher CH4 per g DM digested in low quality forages (Johnson 1888 
and Johnson 1995; Kurihara et al., 1999; Demarchi et al. 2003). Longer retention time has a 1889 
physiological basis absent from batch culture. In this case, PASi incubated forages were degraded to 1890 
a lesser extent than LQHi incubations and this resulted in greater loss of CH4 per g DM and OM 1891 
degraded although forage ranking remained consistent between inocula.  1892 
Incubation of highly fibrous material is equated with the absence of soluble compounds 1893 
necessitating the attachment of microbes to the substrate before fermentation can begin (Demeyer 1894 
1981). The PASi would have had more soluble components, as a result of donor steers consuming 1895 
growing pasture (lower fibre, higher CP, DMD and NH3-N) compared with LQHi. Dietary 1896 
adaptation of microbial consortia is known to occur (Van Soest 1982), however, less degradation 1897 
was also observed for the PAS substrate which PASi donor steers were consuming. In PASi 1898 
incubations it is unlikely that microbes had lesser capacity to degrade fibrous samples. Instead, 1899 
preferential utilisation of soluble compounds within the inoculum, prior to attachment to substrate 1900 
presents a logical basis for less degradation in these incubations. The negative concentrations of 1901 
branched chain fatty acids in incubations containing low quality forages, particularly in PASi 1902 
incubated samples, suggests net uptake by cellulolytic bacteria or other micro-organisms until 1903 
fermentation of substrate could generate surplus (positive values at 48 h). This observation, as well 1904 
as the overall greater VFA present, lends support to the hypothesis that microbes preferentially 1905 
utilised solubles present in the PASi inoculum prior to attachment to substrate. 1906 
For feed evaluation purposes in vitro gas production is typically measured at 24 h (Menke et 1907 
al., 1979; Menke and Steingrass et al., 1988; Pell and Schofield, 1993) and methane estimates are 1908 
also frequently measured at this time point (Lee at al., 2003a; Getachew et al., 2004; Meale et al., 1909 
2013; Hatew et al., 2015). Bhatta et al. (2007) related in vivo methane values from the SF-6 tracer 1910 
technique to those generated over 24 h and 48 h in an in vitro batch culture and reported strong 1911 
correlations (R2=0.98) between SF-6 (mL/g DM) and in vitro TGP values at 24 h and 48 h for a 1912 
range of feeds (CP 28 – 516 g/kg DM; DMD). The PAS and LQH feeds in this in vitro experiment 1913 
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came from an in vivo respiration chamber trial where CH4 production was 27.2 and 27.1 mL/ g DMI 1914 
(19.5 and 19.4 g/ kg DMI) respectively. These values are ~30 – 50 % higher than observed in this in 1915 
vitro experiment at both 24 h and 48 h. Methane as a proportion of estimated DDMI in vivo for PAS 1916 
and LQH substrates was 53.2 mL and 64.1 mL (38.1 ± 1.9 and 45.9 ± 3.4 g/ kg DDMI), 1917 
respectively which were also higher than in vitro CH4 /kg DMd in LQHi (34.2 and 24.7 mL/kg 1918 
DMd) and in PASi (39.9 and 46.7 mL/ kg DMd). Despite the difference, general trends for more 1919 
gas produced in PAS than LQH were similar and potentially adjusting experimental proportions of 1920 
buffer, inoculum and substrate could have improved direct in vitro/ in vivo relationships. Although, 1921 
for tropical forages, these values are not the lowest reported values, at 24 h, all forages produced 1922 
more methane per unit DMd (16.2 – 32.3 mL) regardless of inocula, than reported by Meale et al., 1923 
(2012) for the tropical grass species Brachiaria ruziziensis, Pennisetum purpureum and 1924 
Andropodon gayanus (12.1, 11.6 and 15.6 mL/g DMd, respectively). In the current study the low 1925 
quality forages were degraded up to 50% more between 24 h and 48 h compared with less than 10% 1926 
in the M. sativa and methane concentrations in the head space at 48 h was strongly affected by 1927 
inoculum source.  1928 
A positive relationship between CP content and digestible organic matter in tropical grasses 1929 
has been described (Minson and Milford 1965) and therefore it is not unexpected that CP bears a 1930 
strong relationship with MP. The positive relationship between CP and both TGP and MP is in 1931 
opposition to Getachew et al.(2004) for a variety of temperate legumes and crop residues ranging in 1932 
CP from 63 - 541 g/kg DM. Comparison is more favourable against C4 tropical grasses (CP 72 - 87 1933 
g/kg DM, Meale et al. 2012). When the values for the only C3 legume, M. sativa, were removed 1934 
from the regression, the improvement in R2 reflected a different fermentation pattern in the legume 1935 
in LQHi incubations, but not PASi incubations. The reason for this is not known. Inverse 1936 
relationships were observed between ADFom and aNDFom for both TGP and CH4. ADFom 1937 
appeared to be a better predictor for TGP. It has been reported that aNDFom and CH4 production 1938 
are positively and significantly correlated but our data agrees with Meale et al.(2012) and found a 1939 
poor negative in vitro correlation (R2 = 0.5) regardless of inocula. Improvements in the regression 1940 
equations for ADFom and aNDFom may be achieved by expanding the sample size.  1941 
 Anaerobic fungi are prevalent in low quality fibre diets with hyphae physically lacerating 1942 
outer cellular structures of plant epidermis, providing access for bacteria to cell materials (Preston 1943 
and Leng 1987). Potentially, presence of substantial fungal populations supported greater DMd/ 1944 
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OMd in the LQHi compared with the PASi incubations observed here. Microbial growth can act as 1945 
a carbon sink, due to the reduced nature of amino acids in microbial protein. Cellulolytic bacterial 1946 
populations have been shown to double during the wet season in Brahman steers, with specific 1947 
increases in the soluble sugar utilising, amylolytic, and xylanolytic populations (Klieve et al., 1998). 1948 
Soluble components, short chain dextrins, fructosans, inulin, and saccharose also increase ciliate 1949 
protozoal populations (Jouany 1989). Protozoa are almost absent when cattle are fed low quality 1950 
hay (Bird and Leng 1978) and increase with improved feed quality during the wet season (Klieve et 1951 
al., 1998). Demeyer (1981) suggests that protozoa contribute ~34% total rumen microbial fibre 1952 
digestion; however, protozoa are also reported to reduce fibre digestion due to predation of bacteria, 1953 
and competition for starch, soluble sugars and amino acids (Bird and Leng 1978; Preston and Leng 1954 
1987; Hegarty 1999).  In vitro it has been shown that protozoa inhibit cellulolysis of orchard grass, 1955 
whereas bacteria and fungi in co-culture enhance it (Lee et al. 2003b). 1956 
Regardless of role in fibre digestion it is widely accepted that protozoa have a symbiotic 1957 
relationship with methanogenic archaea due to interspecies H2 transfer (Hook et al., 2010). At 48 h, 1958 
low acetate proportion in PASi incubated samples corresponded to increased proportion of 1959 
propionate and butyrate. Potentially this reflected the different microbial profiles of the two inocula, 1960 
aceticlastic methanogenesis or alternatively, was not de novo production but rather net flow from 1961 
acetate to butyrate, propionate or indeed methane (Ungerfeld and Kohn 2006). Aceticlastic 1962 
methanogenesis is not considered viable in vivo due to rapid absorption and metabolism of acetate 1963 
across the epithelium (Hook et al.2010). Potentially, increased protozoa numbers in PASi 1964 
incubations could offer an explanation for lower DMd, OMd and increased butyrate and CH4 1965 
production 1966 
 1967 
  1968 
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4.5 Conclusions  1969 
Methane production and in vitro degradability of forage substrates were significantly 1970 
affected by inoculum source; particularly post 24 h of incubation. Key findings from this study 1971 
include the increased MP from forages incubated in inoculum from steers grazing fresh moderate 1972 
quality pasture compared with steers consuming low quality hay, despite similar TGP, and lower 1973 
DMd and OMd. Potential causes for this are, preferential utilisation of soluble constituents in the 1974 
inoculum or altered microbial populations. 1975 
 1976 
  1977 
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Abstract.  1993 
Methane production (MP) from Bos indicus steers fed Chloris gayana hay characteristic of 1994 
the ‘dry season’ (LQH), a fresh Urochloa mosambicensis grass (PAS) or a C. gayana hay (HQH) 1995 
characteristic of the ‘wet’ season was determined. A longitudinal feeding trial incorporated a 42 d 1996 
covariate period (P1) in which Brahman steers (total n=12) were fed ad libitum LQH (g/ kg DM – 1997 
crude protein (CP) 25; acid detergent fibre expressed exclusive of residual ash (ADFom) 487; DM 1998 
digestibility (DMD) 380) followed by a 42 d treatment period where steers (n=4 in each) were 1999 
randomly assigned to PAS, HQH or remained on LQH (control). The diet composition in P2 was 2000 
HQH (g / kg DM - CP 88; ADFom 376; DMD 590), PAS (g / kg DM - CP 90; ADFom 324; DMD 2001 
630) and LQH (g / kg DM - CP 31; ADFom 461; DMD 410). For each period, on d 35 - 41 2002 
individual dry matter intakes (DMI), rumen fermentation parameters and both fluid and particulate 2003 
fractional rumen outflow rates were measured. On d 41 and 42, methane production (MP) was 2004 
determined using open circuit respiration chambers. There were diet effects on MP, DMI, volatile 2005 
fatty acids, and ammonia-N. Both wet season grasses had greater MP g/d (P<0.05) and DMI 2006 
(P<0.05) than the LQH but lower MP / kg DMI digested. The use of predictive equations compared 2007 
to measured data confirms prior observations that MP from tropical grasses in the northern 2008 
Australian rangelands may be overestimated using the current equations for greenhouse gas 2009 
accounting.  2010 
 2011 
Keywords: northern rangelands, cattle, forage quality, greenhouse gas, respiration chamber. 2012 
  2013 
   
 
107 
 
 
5.1 Introduction 2014 
Enteric methane production from ruminant livestock is a significant source of anthropogenic 2015 
methane emissions for the agriculture sector. Agriculture contributes 16% of Australian greenhouse 2016 
gas (GHG) emissions with enteric methane being the largest proportion (87.9 Mt CO2 -eq; 67%; 2017 
Dept. of Environment 2012). In comparison with carbon dioxide (CO2), methane has 28 times the 2018 
global warming potential (GWP; IPCC 2014). This high GWP, combined with a relatively short 2019 
atmospheric lifespan (12.5 years) makes methane a candidate for GHG mitigation (IPCC 2014). 2020 
Methane, produced by methanogenic archaea in the rumen, provides a hydrogen sink for re-2021 
oxidation of reducing equivalents, NADH and NADPH, essential for the continued anaerobic 2022 
fermentation of plant material (Johnson and Johnson 1995).  Methane production also represents 2023 
loss of up to 12 % of the gross energy intake (GEI) in ruminants (Johnson and Johnson 1995). 2024 
Methane mitigation has the dual benefit of redirecting methane energy into animal production, and 2025 
reducing the anthropogenic contribution of agriculture to GHG emissions. 2026 
Forage diets are characterised by higher methane production (MP), as a consequence of 2027 
fermentation of hemicellulose and cellulose compared to neutral detergent soluble carbohydrates in 2028 
grain diets (Moe and Tyrell 1979; Johnson and Johnson 1995) and a shift in rumen fermentation 2029 
pathways to acetate from propionate (Bergman 1990; Johnson and Johnson 1995). Approximately 2030 
~10% more methane is produced by cattle grazing C4 compared to C3 grasses (Archimède et al. 2031 
2011) associated with forage composition. Tropical C4 grasses have greater internal lignification 2032 
and cell wall content (cellulose and hemicellulose), resulting in longer retention times in the rumen 2033 
and characteristically low digestibility (Minson 1990) compared with C3 species. Methane 2034 
production from forage fed cattle  is improved when; C4 grasses are replaced by C3 grasses (Ulyatt 2035 
et al. 2002), legumes (C3) are included in the diet (Beauchemin et al. 2008; Soltan et al. 2013), or 2036 
when cattle graze less mature pastures (Boadi and Wittenberg 2002).  2037 
Substantial seasonal variability in nutritive quality of pasture is a major issue for beef 2038 
production across northern Australia; Queensland, the Northern Territory and northern Western 2039 
Australia (Bortolussi et al. 2005). This region is subject to an inconsistent monsoonal ‘wet’ season 2040 
and ensuing ‘dry’ season of 6 to 8 months (Holroyd et al. 1977). The wet season induces a marked 2041 
improvement in forage quality providing modest live weight gains. Increased DMI, DM 2042 
digestibility (DMD), and daily MP are observed, which has been related to faster passage rate and 2043 
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improvement in post ruminal digestion (DeRamus et al. 2003; Demarchi et al. 2003; Kurihara et al. 2044 
1999; Kennedy and Charmley 2012). As forage maturity progresses voluntary DMI and DMD 2045 
decrease and rumen retention time is extended (Minson 1990) resulting in increased MP as a 2046 
proportion of digested DMI. Improved forage quality combined with best management practice can 2047 
therefore reduce MP intensity over the lifetime of the animal due to improvements in production 2048 
efficiency (Charmley et al. 2008; Eckard et al. 2010).  2049 
Currently, the Australian national greenhouse gas inventory (NGGI) use an equation based 2050 
on two C4 grass diets (Kurihara et al. 1999 as modified by Hunter 2007) that differs from the IPCC 2051 
(2006) recommendation for forage fed cattle. The data suggested that MP from cattle fed tropical 2052 
grass diets represented from 8.7 to 9.6% GEI. These estimates were challenged when MP from 2053 
Brahman steers fed 8 tropical forages, was found to be much lower, between 5.4 and 7.5% GEI 2054 
(Kennedy and Charmley 2012). Recently a universal equation has been recommended for 2055 
Australian cattle consuming >70% forage diets (Charmley et al. 2015). This equation was generated 2056 
using data from a comprehensive database of Australian open circuit respiration chamber trials for 2057 
both dairy and beef, including some of the data described in this paper, and lends further support to 2058 
a downgrading of methane estimates for the northern rangelands. There is still a lack of data for in 2059 
vivo MP in Australian beef cattle consuming tropical C4 grasses as demonstrated by lower numbers 2060 
of tropically fed beef utilised in the universal dataset compared to dairy and southern beef 2061 
(Charmley et al. 2015). There is also a need to quantify MP from cattle consuming diets 2062 
representative of seasonal pasture composition particularly fresh growing grasses. 2063 
The aim of this study was to quantify MP from C4 grasses of contrasting qualities 2064 
characteristic of wet and dry season pasture grass of northern Australia. Since conserved forages are 2065 
frequently used as a substitute for fresh forages, MP from conserved and fresh forages of similar 2066 
composition was also compared. Results were interpreted in relation to a number of current 2067 
predictive equations for tropical diets.  2068 
2069 
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5.2 Materials and Methods 2070 
5.2.1 Location and animals 2071 
The trial was conducted at Lansdown Research Station, Queensland, Australia (19.59° S, 2072 
146.84° E, altitude 73 m, a.s.l) between January and May 2014. Lansdown Research Station 2073 
recorded total rainfall of 611 mm during this period. Twelve Bos indicus Brahman steers with an 2074 
initial (mean ± s.e) live weight (LW) of 259 ± 6.2 kg were fitted with a permanent 4” rumen 2075 
cannula (Bar Diamond Inc., Parma, ID, USA). Steers were managed in accordance with CSIRO 2076 
Animal Ethics (A19/2014) and the Australian Code of Practice for the Care and Use of Animals for 2077 
Scientific Purposes (NHMRC 2013).  2078 
5.2.2 Experimental Design 2079 
The experiment consisted of two, 42 d periods in a longitudinal design. The first period was 2080 
a co-variate period in which baseline measurements for all animals could be established. Cattle 2081 
were randomly allocated to treatment groups and each group started the trial staggered by 48 h (to 2082 
accommodate four respiration chambers). For each group, the routine of each period was: 2083 
 2084 
Day 1 – 34 steers were housed and fed in groups  2085 
Day 35 – 40 steers were confined in individual pens for measurement of DMI 2086 
Day 41 - 42 steers were confined in individual respiration chambers for methane 2087 
measurement. 2088 
  2089 
Diets were fed ad libitum (>110% previous day intake) at all times. In period 1 (P1), all 2090 
steers were maintained in an outdoor yard (30 × 36 m), with shade, water and the experimental diet 2091 
of low quality dry season hay (LQH) was available ad libitum. In period 2 (P2), steers were 2092 
randomly allocated to three diet groups (n=4 in each). Diets (P2) were high quality (HQH) hay, 2093 
pasture (PAS) or LQH (control). In P2, to accommodate separation of LQH and HQH steers, the 2094 
yard was divided into two (15 x 18 m) and the PAS group grazed an 8 ha paddock of predominantly 2095 
Urochloa mosambicensis (~7000 kg DM / ha) adjacent to the yards. This resulted in a stocking rate 2096 
of 2.2 animal equivalents (AE; = 450 kg LW) per hectare which was higher than 1 AE per 20 ha 2097 
common in this region. However, the primary objective was to provide sufficient ad libitum access 2098 
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to grazing, and the short duration (42 d) ensured stocking rate was not a limiting factor to ad libitum 2099 
intake. Every seven days steer LW (kg) and body condition score (BCS; scale 1-5) were measured. 2100 
Average daily gain (ADG) was calculated by weight difference divided by number of days. 2101 
5.2.3 Diets 2102 
The tropical grasses used were representative of those commonly grazed across northern 2103 
beef systems. To test any gross effect of forage conservation, the HQH and PAS diets were 2104 
compared. These had similar crude protein (CP) and DM digestibility (DMD); both parameters 2105 
were above levels (CP> 70 g/kg DM and DMD > 55%) that Leng (1990) used to delineate low 2106 
quality diets, whereas the LQH was below these levels (Table 1). To achieve appropriate chemical 2107 
composition of the hay, decisions regarding fertilisation and harvesting were based on reported 2108 
chemical composition of C. gayana at various stages of maturity and N application (Keftasa 1988). 2109 
The LQH was C. gayana hay sourced from the Burdekin Basin, Charters Towers, QLD (20.10° S, 2110 
146.27° E) in February 2014. It received 180 kg/ha urea at sowing and was harvested after 75 d 2111 
with CP of 7% in the standing sward. The HQH diet was C. gayana sourced from the same 2112 
property, fertilised with 360 kg/ ha urea and harvested at 40 d. The HQH and LQH diets were fed 2113 
ad libitum as round bales (d 1 – 34). It was not possible to provide a C. gayana grazing paddock at 2114 
Lansdown and the PAS steers grazed a predominantly Urochloa mosambicensis pasture (d 1 – 34) 2115 
similar in chemical composition to HQH. Rainfall of 396 mm was recorded over three months prior 2116 
to the grazing period and the pasture was in an active growth stage. Additional rainfall (203 mm) 2117 
was recorded during the grazing period.  2118 
5.2.4 Individual pens and sampling protocol 2119 
Steers were moved to individual pens (4 x 1.5 m) in an animal house on days 35 - 40 for 2120 
measurement of DMI followed by 48 h in open circuit respiration chambers (d 41 to 42). The hays 2121 
(LQH, HQH) were chaffed and fed once per day (0800 h), initially at 2% of LW and subsequently 2122 
at +10% of the previous day’s intake. The PAS was ‘cut and carried’ and fed fresh or after 2123 
temporary storage (<24 h) in a mobile cold room (4 °C), twice daily (0800 and 1500 h) in two equal 2124 
portions. Representative samples of each diet offered in the measurement week (pens + chambers) 2125 
were bulked and analysed for chemical constituents (Table 1). Refusals were weighed and dried to 2126 
calculate DMI. The first two days of individual pen intakes were discarded to accommodate 2127 
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decreased intakes in steers adapting to pens. Intakes, and CH4/ kg DMI were calculated on both the 2128 
remaining five days of intakes (including the two in chambers), and on intakes from only the two 2129 
days in chambers. In addition a 0.5m2 quadrat was used to cut pasture samples (n=15) along each of 2130 
two parallel diagonal transects (approximately 300m long) of the grazed paddock during both the 2131 
initial week of grazing and the ‘cut and carry’ week when steers were in pens.  2132 
5.2.5 Methane Measurements  2133 
The design and operation of the Lansdown Research Station respiration chambers used in 2134 
this experiment have recently been described in significant detail (Charmley et al. 2015). Specific to 2135 
this study, four open circuit respiration chambers were used to determine methane production from 2136 
individual steers (d 41 – 42). Individual chambers had an internal volume of 23.04 m3 and were 2137 
equipped with a water trough and feed bin containing the daily ration which was fed at the same 2138 
times as in the individual pens, as well as a door at each end of a modified squeeze crush to allow 2139 
steers entry and exit. Each chamber was maintained at 2.0 °C below external ambient air 2140 
temperature, approximately -10 Pa, and the relative humidity, varied from 61 to 90% for the two 24 2141 
h measurement periods. Animals were removed prior to feeding once prior to the second 24h 2142 
measurement period for cleaning and this data (~30 mins) removed from analysis. Energy value and 2143 
mass of methane was expressed using 55.22 MJ/ kg CH4 and 0.716 g/L CH4, respectively (Brouwer 2144 
1965). 2145 
5.2.6 Chemical composition of diets 2146 
Bulked samples of diets fed to each group of steers were analysed for proximate 2147 
constituents. Samples were oven dried (55 ºC) to constant weight and ground to pass a 1 mm screen 2148 
(Retsch SM100, Germany). Neutral detergent fibre with α-amylase (aNDF; Sigma Chemical Co., 2149 
St. Louis, MO) and without sodium sulphite, and acid detergent fibre (ADF) were determined using 2150 
the Ankom A200 Fiber Analyzer filter bag technique (Ankom Technology Corp., Macedon, NY, 2151 
USA) according to Van Soest et al. (1991) and expressed exclusive of residual ash (ADFom, 2152 
aNDFom). Forage nitrogen (N) content was measured by Kjeldahl digestion and steam distillation 2153 
(Foss Kjeltec 8400, Denmark Application Note 300 Rev 8.0) and CP calculated as N x 6.25. Dry 2154 
matter digestibility (DMD) was determined by incubation with a set of known in vivo standards in a 2155 
DAISY (Ankom Technology Corp., Macedon, NY, USA) apparatus with subsequent pepsin 2156 
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digestion (Holden 1999). Additionally DM was calculated by drying duplicate samples at 105 °C 2157 
for 24 h and organic matter (OM) by difference following  ignition at 550 ºC for 8 h in a muffle 2158 
furnace (Horwitz 2000). Digestible energy intake (DEI) was calculated using the Daisy DMD and 2159 
5d intake data. DDMI calculated using 5 d mean DMI and DAISY DMD 2160 
5.2.7 Rumen sampling  2161 
Rumen fluid samples (~300 mL) were collected through the fistula when steers were in the 2162 
chambers on day 41/ 42 of each period. pH was determined on the strained (1 mm sieve) liquid 2163 
prior to sub sampling; 4 mL into duplicate 5 mL tubes containing 1 mL 20% metaphosphoric acid, 2164 
8 mL into duplicate 10 mL tubes containing 1.6 mL 25% metaphosphoric acid for volatile fatty 2165 
acids (VFA) and ammonia-N (NH3-N) analysis (Nocek et al. 1986), respectively. 2166 
5.2.8 Volatile fatty acids and Ammonia-N  2167 
Ruminal VFA concentrations were determined by gas chromatography (GC) as described by 2168 
Panjaitan et al. (2015). Samples were analysed on a Shimadzu 17A GC (Shimadzu Corp., Kyoto, 2169 
Japan) fitted with an AOC-201 Auto Injector and FID detector. Separation was achieved using a 2170 
ZB-FFAP 30 m x 0.53 mm x 1.0 µm column (Phenomonex, CA, USA). The injection port, detector 2171 
oven and column oven were set at 180, 210 and 85 °C, respectively. The carrier gas was high purity 2172 
Helium (5 mL /min). Concentrations of rumen VFAs (mM) were calculated by external calibration 2173 
using known standards (Sigma-Aldrich, Castle Hill, New South Wales, Australia). Rumen 2174 
ammonia-N (NH3-N) concentration (mg/L) was measured using a Buchi 321 distillation unit 2175 
(Buchi, Switzerland) and resulting ammonium borate complex titrated against 0.01 M HCl (Titralab 2176 
TIM 840, Radiometer Analytical, France). 2177 
5.2.9 Rumen Markers 2178 
Fractional outflow rates (FOR) of the fluid and particulate phases of rumen digesta were 2179 
measured (0 h on d 36 using indigestible markers; chromium EDTA (Cr-EDTA) and ytterbium 2180 
chloride (YbCl), respectively, while cattle were housed in the individual pens. Markers were 2181 
infused separately prior to feeding. The Cr-EDTA solution was made according to the procedure of 2182 
Udén et al. (1980) using the lithium salt, to a final concentration of 2.8 g Cr /L and dosed at a rate 2183 
of 100 mL / 100 kg LW across multiple sites in the rumen. The 0 – 24 h values were used for 2184 
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analysis due to negative concentrations at 48 h. The method of Panjaitan et al. (2015) was followed 2185 
for preparation and administration of ytterbium (Yb) chloride (YbCl3.6H2O) solution. Briefly a 2186 
single dose of Yb (60 mL) solution was injected across four different sites in the rumen (~15 mL 2187 
per site). After dosing, approximately 300 mL whole rumen contents (strained through 1 mm sieve), 2188 
was collected at 2, 4, 8, 12, 24, and 48 h. Sub samples of the collected liquid (~50 mL) and 2189 
particulate residue (~10 g) remaining in the sieve were stored at -20 °C prior to analysis. 2190 
Concentration of Cr in rumen fluid (3.0 mL) was determined by acid digestion using an inductively 2191 
coupled plasma atomic emission spectrometer (ICP-AES; Optima 7300 DV, Perkin Elmer; 2192 
Wellesley, MA, USA). Ytterbium concentration was also analysed by ICP using ~15 g thawed 2193 
particulate rumen material, dried at 105 °C and ground to pass through a 1mm screen (CT 193 2194 
Cyclotec grinding mill, FOSS Tecator AB, Höganäs, Sweden). The FOR of Yb and Cr-EDTA in 2195 
rumen digesta was determined by regressing the natural log (ln) of the marker concentration against 2196 
time (h). The marker FOR (h-1) was represented by the slope of the regression (k) and retention 2197 
time (h) by -1/k. 2198 
 2199 
5.2.10 Statistical analysis  2200 
Variables were analysed by general linear model (GLM) in Minitab 17 (Minitab Statistical 2201 
Software, CA, USA) with P1 variables included as a covariate with diet as fixed factor. Where 2202 
significance of covariance effects were P<0.09, P2 treatment means were adjusted for these effects. 2203 
Otherwise, a one way ANOVA was conducted on P2 variables with diet as fixed factor. 2204 
Additionally, one way ANOVA was used to analyse FOR and retention time between diets (LQH, 2205 
HQH, and PAS) in P2. Tukey’s method for post hoc comparisons was used to test for diet 2206 
differences. Diet effects were considered significant at P<0.05. Regression analysis was used to 2207 
describe relationships between CH4 production and intake parameters (DMI and DDMI). 2208 
 2209 
5.3 Results  2210 
5.3.1 Diets 2211 
The chemical composition of diets fed during the individual collection days (d 35 - 42) of 2212 
each period are reported in Table 1. Samples were bulked for analysis. During the grazing period 2213 
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pasture DM ranged from 260 to 350 g DM /kg as fed. During the ‘cut and carry’ week, the mean 2214 
DM of the fresh pasture was 320 g DM /kg as fed (Table 1).  2215 
 2216 
Table 5.1. Chemical composition of low quality Chloris gayana hay (LQH), high quaility C. gayana hay 2217 
(HQH) or wet season Urochloa mosambicensis pasture (PAS) of bulked samples fed during individual 2218 
measurement week. Analysis conducted in duplicate. 2219 
Chemical fractionA 
(g/kg DM) 
P1  P2 
LQH 
 
HQH PAS LQH 
DM (as fed) 920  892 320 920 
OM  930  910 886 965 
CP 25  88 90 31 
aNDFOM 850  670 614 770 
ADFOM 487  376 324 461 
In vitro DMD 380  590 630 410 
A OM = organic matter (100-ash), CP= crude protein (N x 6.25), aNDFOM = neutral detergent fibre with alpha amylase and expressed 2220 
free of residual ash, ADFOM = acid detergent fibre expressed free of residual ash, DMD = dry matter digestibility calculated in the DAISY  2221 
5.3.2 Rumen biochemical constituents  2222 
In  P2, HQH steers had similar rumen NH3-N concentrations to LQH steers (31 v 45 mg/L) 2223 
and more than 50% lower than PAS steers (132.7 mg/L; P<0.001) despite similar CP /kg DM and 2224 
DMD (%) between PAS and HQH diets. No diet effect (P>0.05) on rumen pH was observed (HQH: 2225 
6.5, PAS: 6.5, LQH: 6.6). Molar proportions of acetate was higher (P<0.05) in and butyrate lower 2226 
(P<0.05) in LQH steers (Table 2). No difference in propionate was observed between diets. The 2227 
ratio of acetogenic to glucogenic VFAs (Acetate + 2×Butyrate/ Propionate) was not affected by diet 2228 
quality.  2229 
  2230 
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Table. 5.2. Mean (± s.e) rumen fermentation  characteristics in cattle fed a basal diet of low quality 2231 
Chloris gayana hay (LQH) for 42d in period 1 (P1) and switched to either a Urochloa mosambicensis  2232 
Pasture (PAS), high quality C. gayana hay (HQH) or remaining on LQH hay (LQH) for 42d in period 2233 
2 (P2) 2234 
Rumen parameter 
P1 
Covariate 
mean 
P1 
Covariate 
effectA 
P2 Means (± s.e) P2 Diet Effect 
 LQH (n=12) Sig. HQH (n=4) PAS (n=4) LQH (n=4) P value 
       
NH3-N mg/L 44.6 ± 4.1 n.s 44.7b ± 3.5 132.7a ± 8.0 31.3b ± 7.4 <0.001 
Total VFA 
mmol/L 
100.0 ± 4.0 <0.05 115.6a± 6.1 65.4b ± 3.2 75.2b ± 2.1 <0.001 
Molar proportions (%)      
Acetic 76.4 ± 0.4 n.s 74.1b ± 0.5 71.0c ± 0.3 77.5a ± 0.4 <0.001 
Propionic 15.4 ± 0.1 n.s 16.6a ± 0.4 16.4a ± 0.3 15.7a ± 0.3 n.s 
Butyric 6.5 ± 0.4 n.s 7.7a ± 0.1 9.7b ± 0.2 5.5c ± 0.2 <0.001 
Iso-butyric 0.5 ± 0.01 n.s 0.5b ± 0.02 1.0a ± 0.04 0.5b ± 0.02 <0.001 
Iso-valeric 0.6 ± 0.01 n.s 0.5b ± 0.02 1.2a ± 0.06 0.6b ± 0.03 <0.001 
Valeric 0.5 ± 0.06 n.s 0.6b ± 0.02 0.7a ± 0.02 0.3c ± 0.01 <0.001 
A+2B:P B 5.8 ± 0.1 n.s 5.4a ± 0.2 5.5a ± 0.1 5.7a ± 0.1 n.s  
A Where the P1 Covariate was P>0.09 it was excluded from the model and a simple ANOVA was conducted with diet as fixed factor– 2235 
where the P1 covariate was included it should be noted that the means are ‘fitted’ means based on the influence of the covariate period 2236 
B A+2B:P = acetate plus 2 ×butyrate: propionate (acetogenic: glucogenic ratio). 2237 
a,b,c P2 means within rows followed by the same superscript are not significantly different (p>0.05) using Tukey procedures, P1 means 2238 
are not being compared against P2 means 2239 
 2240 
 2241 
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5.3.3 Fractional Outflow Rate 2242 
Rumen FOR of both fluid and particle phase was significantly affected by diet (P<0.01). 2243 
Retention time of particle phase in LQH steers was10 h longer (P<0.01) compared with PAS steers 2244 
and 5 h longer (P<0.001) compared to HQH steers. Data from one steer (LQH) was removed as an 2245 
outlier. Fluid FOR was greatest (P<0.01) in PAS steers (12 ± 1.3 %/h) followed by HQH steers (10 2246 
± 0.3 %/h) compared with 6 ± 1.5 %/ h in LQH steers. Corresponding fluid retention times were 8 ± 2247 
0.6 h (PAS) and 10 ± 0.3 h (HQH) which were both lower (P<0.01) than 18 ± 4.0 h (LQH). Data are 2248 
shown in Table 3. 2249 
 2250 
Table. 5.3 Mean (± se) fractional outflow rate (FOR) and retention time (RT) in cattle fed a basal diet 2251 
of low quality C. gayana hay (LQH), a U. mosambicensis Pasture (PAS), or a high quality C. gayana 2252 
hay (HQH) for 42 d. 2253 
 
 
HQH (n=4) PAS (n=4) LQH (n=3) P-value 
Particle Phase FOR (%/h) 4.1b ± 0.3 5.1a ± 0.3 3.3b ± 0.2 <0.01 
 RT (h) 25b ± 1.8 19.8b ± 1.1 31.0a ± 1.5 <0.01 
Fluid Phase FOR (%/h) 9.8b ± 0.2 12.2a ± 0.8 5.9c ± 0.9 <0.01 
 RT (h) 10.2b ± 0.2 8.2c ± 0.5 17.6a ± 2.3  <0.01 
 2254 
5.3.4 Animal productivity  2255 
As intended, the control (LQH) animals exhibited no difference in DMI (P=0.67) or daily 2256 
MP (P=0.14) between periods. The ADG (Table 3) between PAS and HQH groups over 42 d was 2257 
similar (1.3 ± 0.3 and 1.3 ± 0.1 kg /d respectively) and steers consuming HQH and PAS diets in the 2258 
treatment period were ~14 kg heavier (P<0.05) than those consuming LQH. Final BCS was greater 2259 
(P<0.05) in PAS steers compared to HQH and LQH steers.  2260 
5.3.5 Methane production 2261 
Daily MP (g/d) was 59% and 88% greater (P<0.05) in PAS and HQH fed steers, 2262 
respectively, compared with LQH fed steers. Daily MP was not different between either wet season 2263 
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forage. A significant covariate effect of P1 was observed on MP (P<0.05), CH4 /kg DMI (P<0.05) 2264 
and CH4 /kg LW (P<0.05; Table 4). The covariate period was significant for DMI when the intakes 2265 
from the 2 d in chambers were used but not over the 5 d average. PAS steers consumed 0.38 - 0.68 2266 
kg DM/d less in the 2 d in chambers compared with the 5 d pen + chamber intakes. However, 2267 
numerically, diets ranked in the same order (HQH>PAS>LQH). Considering MP is a result of 2268 
complex fermentation processes reflecting up to 48 h digestion and would have been generated 2269 
from intakes both in and prior to chambers, both data is presented (Table 4). DMI (5 d mean) was 2270 
2.2 and 2.4 % of LW in PAS and HQH steers and 1.6% LW in LQH. No differences were observed 2271 
in methane expressed as a percentage of DMI regardless of whether intakes were 5 d means or only 2272 
2 d of chamber intakes. Methane as a percentage of GEI was; (mean ± s.e) LQH (P1), PAS, HQH 2273 
and LQH (P2) was; 5.8 ± 0.21, 7.0 ± 0.46, 7.1 ± 0.35 and 5.8 ± 0.35, respectively. Methane energy 2274 
as a percentage of DEI was the inverse, 15.3 ± 0.56, 11.9 ± 0.78, 11.9 ± 0.58 and 15.4 ± 0.91 for 2275 
LQH (P1), PAS, HQH and LQH (P2).2276 
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Table. 5.4. Mean (± se) dry matter intake (DMI), methane (CH4), liveweight (LW), body condition score (1-5; BCS), average daily gain (ADG), and CH4 / 2277 
kg DMI in cattle during the 5 d individual measurement (d 35 – 40 of each 42 d period) after consuming low quality C. gayana hay (LQH) in period 1 (P1 2278 
Covariate) and either U. mosambicensis pasture (PAS), high quality C. gayana hay (HQH) or LQH hay in period 2 (P2).  2279 
n.s not significant (P > 0.05) 2280 
Covariate mean P1 CovariateA 
 
P2 Means (± s.e) 
                                              
P2 Diet Effect 
  LQH (n=12) P-value HQH (n=4) PAS (n=4) LQH (n=4) P-value 
DMIX (kg)  3.7  ± 0.2 n.s 6.6a  ± 0.2 6.3a ± 0.2 4.4b ± 0.2 <0.001 
DMIY (kg) 3.9 ± 0.2 P<0.05 7.1a ± 0.1 5.8b ± 0.2 4.1c ± 0.3 <0.01 
LW (kg) 259 ± 6.2 P<0.001 279a  ± 2.7 281a  ± 2.8 266.4b ± 2.8 <0.05 
CH4 g/d 73.7  ± 3.4 P=0.06 152
a ± 6.2 128.1a ± 6.0 80.5b ± 6.2 <0.001 
CH4 g/kg DMI
X 19.9  ± 0.7 P<0.05 22.8a ± 1.1 19.5a ± 1.1 19.4a ± 1.0 0.06 
CH4 g/kg DMI
Y 19.3 ± 0.9 P<0.01 22.0a ± 1.1 21.1a ± 1.2 19.5a ± 1.4 n.s 
CH4 g/kg DDMI
Z 52.4 ± 1.9 P<0.01 38.1b ± 1.9 32.3b ± 1.9 45.9a ± 3.4 <0.01 
CH4 g/kg LW 0.28  ± 0.0 P<0.05 0.55
a ± 0.0 0.46a  ± 0.0 0.30b ± 0.0* <0.001 
ADG kg/d -0.16 ± 0.2 P<0.01 1.2a  ± 0.1 1.3a ± 0.1 0.07a ± 0.1 <0.001 
BCS 2.5 ± 0.1 P<0.05 2.4a ± 0.1 2.8b ± 0.1 2.1c ± 0.1 <0.05 
A Where the P1 covariate was significant (P<0.05) or showed trend toward significance (0.09>P>0.05) P2 means are ‘fitted’ means based on the influence of the covariate; a,b,c Within P2 diets only means 2281 
followed by different superscripts are significantly different (P<0.05), P1 covariate means are shown for reference only and are not comparable with P2 means. XDMI calculated from the mean of the last 5 d 2282 
individual intakes including 2 d of respiration chambers. YDMI calculated from 2 d individual intakes in respiration chambers only Z DDMI calculated using 5 d DMI and DAISY DMD2283 
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A positive linear relationship was observed between MP and DMI (n=24, R2 = 0.84) and digestible 2284 
DMI (n=24; R2 = 0.86). The latter is shown in Figure 1. 2285 
 2286 
 2287 
 2288 
Figure. 5.1 The linear model describing the relationship (y=25.94x + 36.63, r2 = 0.86) between daily 2289 
methane production (CH4 g/d) and digestible dry matter intake (DMI) for individual steers fed forages 2290 
of different quality. 2291 
5.3.6 Predictive equations 2292 
Several equations developed to predict MP (g/d) based on DMI alone were compared, using 2293 
the measured DMI from this study. The equations used were Equation 2b for beef cattle from Ellis 2294 
et al. (2007), the Hunter (2007) estimate for Australian tropical grasses (34.9 × DMI) – 30.8), the 2295 
Intergovernmental Panel for Climate Change (IPCC 2006) prediction (6.5% GEI) for forages and 2296 
crop residues, the coefficient (19.6 g CH4 / kg DMI) proposed by Kennedy and Charmley (2012) 2297 
and the most recent equation developed by the Food and Agriculture Organisation (2.54 + 2298 
19.14*DMI; Hristov et al. 2013). The most recent equation (MP = 20.7 × DMI and MP = 0.0634 × 2299 
GEI) for forage fed cattle in Australian production systems (Charmley et al. 2015) was also 2300 
included. The Hunter (2007) equation estimated MP at 29.7 – 60.2 g/d greater than measured. The 2301 
IPCC (2006) predictions were 6 g higher for LQH fed steers and 1-10 g higher for the improved 2302 
quality diets, HQH and PAS, respectively.   Ellis et al. (2007) overestimated MP in the LQH steers 2303 
by 35 g, but the model performed similarly to the IPCC prediction (within 12 g) when either the 2304 
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HQH or the PAS were fed (Table 5). Both Kennedy and Charmley (2012) and Hristov et al. (2013) 2305 
performed best for MP in LQH steers, within 1-2 g. 2306 
 2307 
 2308 
Table 5.5 Methane production (raw means ± s.e) when selected predictive equations used DMI from 2309 
steers fed low quality Chloris gayana hay (LQH), high quality C. gayana hay (HQH) or U. 2310 
mozambicensis Pasture (PAS) compared with means measured in this study in open circuit respiration 2311 
chambers 2312 
Methane predicted (g/d)  Y=CH4 g/d LQH 
(n=16)A 
HQH (n=4) PAS (n=4) 
Measured data (this study) - 76.1 ± 3.5 148.6 ± 0.7 128.4 ± 3.6 
Hunter (2007) Y=34.9×DMI (kg) – 30.8 105.8 ± 5.6 200.0 ± 1.6 188.6 ± 5.7 
IPCC (2006)B,C Y = 6.5% GEI (MJ) 82.8 ± 2.9 149.1 ± 0.9 138.3 ± 3.1 
Ellis et al. (2007)C Y =3.96+0.59×DMI (kg) 110.6 ± 0.1 137.8 ± 0.0 134.5 ± 0.1 
Kennedy & Charmley 
(2012) 
Y = 19.6 × DMI (kg) 76.7 ± 3.2 129.6 ± 0.9 123.2 ± 3.2 
Hristov et al. (2013) Y=2.54+19.14×DMI (kg) 77.5 ± 1.6 129.1 ± 0.5 122.8 ± 1.7 
Charmley et al. (2015) 1. Y = 0.0634 × GEI (MJ) 81.4 ± 3.4 146.6 ± 1.0 135.9 ± 3.5 
Charmley et al. (2015) 2.  Y = 20.7 × DMI (kg) 83.2 ± 3.5 140.4 ± 1.3 120.4 ± 4.1 
A combined period 1 and period 2 steers  2313 
B Standard GE for tropical forages of 18.4 MJ (CSIRO 2007)  2314 
C IPCC (2006) and Ellis (2007) MJ converted to CH
4
 g/d with conversion factor 55.22 MJ/kg (Brouwer 1965) 2315 
 2316 
  2317 
 2318 
2319 
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 5.4 Discussion 2320 
This study aimed to quantify MP from C4 grasses of a quality characteristic of material 2321 
grazed during the wet and dry season in northern Australia. The two diets, HQH and PAS, were 2322 
used to represent chemical composition of material available in the wet season (Leng 1990) 2323 
although neither was comparable to high quality C3 forage (>75% DMD), which in the tropics is 2324 
achieved only in the nascent wet season (McCown and McLean 1983). Daily MP increased by 40 - 2325 
50% when steers consumed forages typical of wet season pasture compared with a low quality hay, 2326 
indicating that there are differences in absolute methane between the wet and dry season in the 2327 
northern rangelands. There were no differences in MP between the conserved and fresh forages 2328 
typical of the wet season, despite the different species having minor differences in chemical 2329 
composition. Fractional loss of methane, either as a ratio to digestible DMI or DEI, is decreased 2330 
when forage quality is increased (Boadi and Wittenberg 2004; Ulyatt et al. 1998; Benchaar et al. 2331 
2001; Kennedy and Charmley 2012). In agreement, steers fed PAS and HQH produced ~5-10 g 2332 
CH4 / kg digested DMI less and ~3% DEI less than LQH steers. The mechanism for this is not 2333 
clear, but is associated with increased rumen outflow rates (Benchaar et al. 2001).  2334 
Increased rumen outflow rates are associated with higher concentrations of dissolved H2 2335 
which increases rate of growth in methanogens but CH4 production becomes less 2336 
thermodynamically favourable at high concentrations of H2 (Janssen and Kirs 2008) which 2337 
potentially contributes to lower fractional methane loss. Methanogenic archaea also have a 2338 
generation time of 4 – 12 h for species which utilise H2 /CO2 reduction pathways (Weimer 1998) 2339 
and longer retention times in LQH fed steers might favour increased fractional MP compared to 2340 
PAS steers. A proportionally larger H+ pool accompanies the production of acetate from 2341 
fermentation of cellulose and hemicellulose compared with sugars and starches (Moe and Tyrell 2342 
1979; Johnson and Johnson 1995). Increased forage quality did not increase propionate production 2343 
and a 42% and 38% increase in butyrate was observed in PAS and HQH fed steers compared with 2344 
LQH steers respectively (P<0.001). Butyrate production is methanogenic, although it provides more 2345 
energetic gain (McDonald et al. 2011). Acetogenic to glucogenic VFA ratios were not affected by 2346 
diet. This is typical of 100% forage diets (Van Soest 1982), however, greater CP content was 2347 
associated with higher iso-acids in PAS and HQH.  2348 
Rumen NH3-N concentration, a growth requirement for cellulolytic bacteria, is affected by 2349 
N solubility and degradation characteristics of tropical grasses (Brown and Pitman 1991). Greater 2350 
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CP solubility in PAS, likely provided the ~66% greater rumen NH3-N concentration compared with 2351 
HQH steers despite similar CP /kg DM in these diets. Potentially, N solubility in HQH was affected 2352 
by harvesting conditions, through formation of Maillard products (Fay et al. 1980), with an increase 2353 
in rumen undegradable N passing to the duodenum (Beever et al. 1986). Alternatively, dietary N 2354 
was partitioned into non ammonia nitrogen biomolecules (Morrison et al. 1988). Near maximal 2355 
rates of OM fermentation are possible at ammonia concentrations of 25 - 45 mg/L but additional 2356 
NH3-N added to the rumen induces increased intakes (Boniface et al., 1986) Microbial protein 2357 
synthesis can be increased up to a NH3-N of 210 mg/L when energy supplies are adequate (Miller 2358 
1973; Satter and Slyter 1974) resulting in increased microbial N reaching the duodenum. In the 2359 
tropics 100% of protein for animal growth can be provided in this way (Poppi and McLennan 2360 
1995). Microbial protein synthesis as a hydrogen sink potentially has a role in lower CH4 g/ kg 2361 
digestible DMI in PAS and HQH cattle compared with LQH.  2362 
Temperate grasses produce ~10% less CH4 / kg DMI than tropical C4 grasses (Archimede et 2363 
al. 2011) with the implication that better quality forages produce less methane / kg DMI. Here, CH4 2364 
/ kg DMI was not different between LQH and either PAS or HQH. MP was linearly related to DMI 2365 
with a range of 17.3 – 23.6 g CH4/ kg DMI, similar to the 17.5 to 22.4 g/kg DMI observed for 2366 
forages of similar quality (Kennedy and Charmley 2012). If grazing intakes are estimated at 1.5% 2367 
LW for low quality forage and 2.1% LW for the moderate to high quality summer pasture in the 2368 
study of Demarchi et al. (2003), then fractional CH4 from that study is in a similar range (15.5 to 2369 
21.2 g/ kg DMI).  2370 
Predictive equations have been developed to estimate MP from LW gain, intake and various 2371 
feed constituents although data from tropical grasses are generally underrepresented (Archimede et 2372 
al. 2011). The IPCC (2006) guidelines recommend MP be estimated as 6.5 ±1.0% GEI for all 2373 
cattle unless diets exceed 90% grain. Recently published MP values for Bos indicus steers 2374 
consuming tropical grasses and legumes were in the range of 5.5 – 7.5% GEI (Kennedy and 2375 
Charmley 2012) which was lower than the MP of 8.7-9.6% GEI reported by Hunter (2007) after 2376 
recalculation of Kurihara et al. (1999). Methane production in the present study was 4.9 - 7.5% GEI 2377 
and supports the assertion that MP from cattle in the northern rangelands may be overestimated 2378 
(Kennedy and Charmley 2012). Using our DMI data, the IPCC (2006) equation, performed well 2379 
against actual MP (within 10% across all diets) in comparison to the Hunter (2007) equation which 2380 
had the largest deviation (25 - 46%) above measured data of any predictive method used here. It is 2381 
inherently difficult to estimate grazing intakes and mimic preferred sward composition in ‘cut and 2382 
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carry’ protocols to measure MP from free ranging cattle. Intakes for PAS steers were within 2383 
expected levels (2.2% LW) and if MP estimated by the IPCC (2006) equation were to match actual 2384 
values, these animals would have needed to consume 2.5 % LW, which is possible, although near 2385 
the upper limits of voluntary intake in cattle consuming tropical grasses (Cordova et al. 1978; 2386 
Minson 1990). The equation developed by Ellis et al. (2007), although developed for temperate 2387 
forages, performed comparatively to the IPCC (2006) estimate for HQH and PAS diets (within 5% 2388 
actual values), but overestimated MP from the LQH by 45%. Of the 14 studies used to generate the 2389 
Ellis et al. (2007) equation only one dataset (Birkelo et al. 1987) was incorporated that used cattle 2390 
with intakes as low as observed for LQH (3.87 kg DM/d) which may account for its poor resolution 2391 
for very low quality diets. Both the Kennedy and Charmley (2012) and the Hristov et al. (2013) 2392 
estimates performed within 15% of the MP for wet season diets but were within 1% for LQH. The 2393 
universal equation (Charmley et al. 2015) for MP appeared to perform well, particularly when 2394 
based on GEI. The latter dataset incorporated a wide range of cattle consuming tropical forage diets. 2395 
The data in this study indicates that there may be some benefit to using different equations specific 2396 
to very low forage quality, and appears to confirm recent data (Kennedy and Charmley 2012; 2397 
Charmley et al. 2015) that the Hunter (2007) estimates do not adequately predict methane from this 2398 
class of cattle under these conditions.  2399 
Global beef production has been reported to have a methane intensity of 300 kg CO2 -eq per 2400 
kg protein, higher than any other animal production system (Hristov et al. 2013).  However, across 2401 
extensive rangelands regional variation in feed type, quantity and quality naturally introduce 2402 
variation in methane intensity. In the northern rangelands, beef production is challenged by the low 2403 
feed value of tropical grasses compared with temperate grasses or grains, which combined with 2404 
seasonal conditions, results in slow growth rates over several years. Charmley et al. (2008) 2405 
modelled lifecycle emissions  based on growth rates of 0.5 kg /d. Steers were turned off at an 2406 
average of 2.3 years old compared to 4 years and MP per kg saleable beef decreased from 21 kg to 2407 
15 kg CO2 -eq shrunk carcass weight. In this scenario, daily emissions increased or remained static, 2408 
but overall improved efficiency resulted in improved methane intensity. In the current study CH4 2409 
per kg LW was not improved in PAS or HQH steers compared to LQH steers over the duration of 2410 
the study, as intakes and MP increased faster than weight gain. Fundamentally, growing cattle will 2411 
have improved methane to gain ratio than cattle at maintenance or losing weight. In the rangelands, 2412 
any improvement in diet above maintenance requirements should improve animal performance and 2413 
feed efficiency as well as reduce CH4 emissions per unit of animal product (Eckard et al. 2010). 2414 
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Therefore if even moderate growth rates can be maintained regional methane intensity is improved. 2415 
Based on the data in this study the IPCC (2006) MP predictive equation appears reasonable to use 2416 
in the northern rangelands for growing cattle, contrary to previous concerns (Johnson and Johnson 2417 
1995; Kurihara et al. 1999). 2418 
 2419 
5.4 Conclusions 2420 
Increased daily CH4 production but decreased fractional loss CH4 g/ kg digestible DMI (or 2421 
%DEI) is observed when steers are fed forage quality characteristic of wet season compared with 2422 
dry season tropical C4 grass. Methane per kg DMI was not influenced by diet. Rumen outflow rates 2423 
increased as forage quality improved. There are no appreciable differences in MP between fresh C4 2424 
grass and conserved C4 hay of similar chemical composition despite variations in rumen NH3-N 2425 
and VFA (mmol/L). The data supports previous observations that MP has been overestimated from 2426 
this class of cattle consuming C4 forages in the national greenhouse gas inventory. 2427 
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6.0 Seasonal changes in diversity and relative 2439 
abundance of rumen bacteria and archaea in 2440 
Bos indicus steers in northern Australia 2441 
  2442 
   
 
126 
 
6.1 Introduction  2443 
It is recognised that the rumen microbiota is affected by diet (Tajima et al. 2001). In forage 2444 
diets fed to ruminants, the physicochemical structure of forage influences voluntary dry matter 2445 
intake, rumen outflow rate and fermentative capacity which exert competitive conditions on rumen 2446 
microbes (Van Soest 1982). Supply of dietary carbohydrates, as well as nitrogenous compounds and 2447 
minerals; drives synergistic microbial production of VFAs and microbial protein to the animal. In 2448 
addition gaseous end products of microbial fermentation, including CO2, H2 and CH4 are produced. 2449 
The necessity of re-oxidising the reducing equivalents (NADH and NADPH) for continued 2450 
fermentation provides a central role of H2 in the rumen (Leng 2014). Therefore methanogenic 2451 
archaea, despite low abundance, 0.3 – 3.3% of the total rumen 16S rRNA gene sequences, play an 2452 
integral role in rumen function and animal nutrition (Jansenn and Kirs 2008). The fermentation 2453 
products, H2 and CO2 are the primary compounds utilised by methanogens for metabolism and 2454 
growth although methyl groups may be utilised by some rumen archaea (Poulsen et al. 2013).  2455 
Eructed methane comprises 68% of all agricultural greenhouse gases (GHG) in Australia (Dept of 2456 
Environment 2014).  2457 
Increased diversity of both bacteria and methanogens is recognised when cattle are 2458 
transitioned from grain based diets to forage (Tajima et al. 2001; Fernando et al. 2010). Recently 2459 
Pitta et al. (2010) demonstrated that changing quality of forage only diets has a distinct effect on 2460 
bacterial diversity. Jeyanathan et al. (2011) also demonstrated that bacteria and methanogens in 2461 
cows consuming temperate pastures are affected by seasonal changes in forage quality. The 2462 
monsoonal nature of the northern Australian rangelands provides substantial variability in nutritive 2463 
value and availability of forage for cattle. However, there is little data concerning the diversity and 2464 
abundance of rumen prokaryotes under these conditions.  2465 
The aim of this study was to examine the prokaryotic phylogeny in tropically adapted Bos 2466 
indicus cattle consuming C4 grass diets characteristic of wet and dry season pastures. Illumina 2467 
Miseq sequencing of the 16S rRNA gene was used. The sequence data was examined in relation to 2468 
metadata (rumen outflow rate and MP) derived from the animal trial in Chapter 5. 2469 
  2470 
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6.2 Materials and Methods 2471 
6.2.1 Animal Experimental Design 2472 
Detailed description of the animal experimental design and measurements of forage quality, 2473 
methane, intakes, rumen characteristics and fractional outflow rates have been previously described 2474 
(Chapter 5.2). 2475 
6.2.2 Rumen sampling  2476 
Rumen fluid (RF) samples (~300 mL) were collected through the intra-ruminal fistula when 2477 
steers were confined in respiration chambers after 42 d adaptation to diets. Rumen fluid pH was 2478 
determined on the strained (1 mm) liquid prior to sub sampling. Four samples (1.5 mL each) of RF 2479 
were pipetted with a wide bore 5 mL pipette tip, into 2 mL plastic tubes (Eppendorf South Pacific 2480 
Pty. Ltd., NSW, Australia) and immediately placed on dry ice until storage at -80°C. Additional RF 2481 
samples collected for VFAs and NH3-N are described previously (Chapter 5.2)  2482 
6.2.3 DNA extraction and PCR amplification 2483 
Genomic DNA (gDNA) was extracted from thawed RF samples according to the general 2484 
methodology of Yu and Morrison (2004) with the following modifications. Thawed samples were 2485 
centrifuged at 14,000g for 5 min and supernatant discarded. Zirconium beads (0.2 mg; 0.1 mm and 2486 
0.5 mm diameter; Biorad, USA) and 1 mL lysis buffer [500 mM NaCl, 50 mM Tris-HCl, pH 8.0, 50 2487 
mM EDTA, 4% sodium dodecyl sulfate (SDS)] were added to the pellet. Samples were then 2488 
subjected to bead beating at top speed on a FastPrep 16 instrument (MP Biomedicals, Illkirch, 2489 
France) for 2 min followed by 15 min incubation in a 70°C water bath. Samples were then 2490 
centrifuged (13,000g, 4°C, 10 min) and approximately 1/10th (~100 uL) sample volume of a cetyl 2491 
trimethyl ammonium bromide (CTAB) wash (0.7M NaCl, 10% CTAB, dH2O) was added prior to 2492 
10 min incubation in the 70°C water bath. After incubation 1 volume (~1 mL) of phenol: 2493 
chloroform: iso-amyl alcohol (25:24:1) was added, mixed gently on a vortex and centrifuged 2494 
(13,000g, 5 min, room temperature). The upper aqueous later was transferred to a new tube and the 2495 
steps repeated once from the CTAB wash. The lysate was then transferred to a new eppendorf tube. 2496 
Clean up and purification was done using the RNAse, proteinase K and spin columns in the DNeasy 2497 
Blood and Tissue kit (Qiagen GmbH, Hilden, Germany). Total gDNA was quantified using the 2498 
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Quant-IT Broad range DNA assay kit (Thermofisher Scientific, VIC, Australia), subsequently 2499 
diluted to 5 ng /mL and quality checked on a 1% agarose gel containing SYBR Safe. 2500 
6.2.4 PCR and sequencing of the prokaryotic 16S rRNA gene 2501 
Samples were prepared with Nextera dual indexed libraries for amplicon sequencing using 2502 
the Illumina MiSeq platform (Ramaciotti Centre for Genomics, NSW, Australia). The V3/V4 2503 
regions of the 16S rRNA gene were targeted using the archaeal primer pair 340f and 915r and the 2504 
bacterial primer pair 341f and 805r (Table 6.1). Amplicons were assessed on a 2% agarose gel prior 2505 
to high throughput sequencing with the Illumina MiSeq reporter instrument, according to the 2506 
Illumina 16S Metagenomics default workflow. The reads were paired end 2 x 300 bp with a final 2507 
library size of 630 bp including adaptors, primers and dual index Nextera XT index kits. There was 2508 
an intended overlap region of 100 bp. The forward overhang sequence (5’-3’) was  2509 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG  2510 
and the reverse overhang sequence was 2511 
 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG  2512 
for both bacterial and archaea. 2513 
 2514 
Table 6.1 Sequences of forward and reverse primers, plus Illumina overhang used in Archaeal 16S and 2515 
Bacterial 16S MiSeq sequencing  2516 
Primer Target  Primer sequence (5’-3’) 
Archaea A16S1 Arch-340f CCCTAHGGGGYGCASCA 
 Arch-915r GWGCYCCCCCGYCAATTC 
Bacteria 16S2 341f CCTACGGGNGGCWGCAG 
 805r GACTACHVGGGTATCTAATCC 
1Pinto and Raskin 2012 2Klindworth et al. 2012 2517 
6.2.4 Sequence Analysis 2518 
The data was returned demultiplexed and initial checking of the data with FastQC (Andrews 2519 
2010) and preliminary analysis of the data with the Quantitative Insights Into Microbial Ecology 2520 
(Caporaso et al. 2010a; QIIME 1.9.1) pipeline revealed that paired end joining was not possible  2521 
due to the poor quality, short reverse reads received from the sequencing facility. This was later 2522 
confirmed by the sequencing facility to be due to an Illumina reagent quality issue. The forward 2523 
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reads dropped in quality towards the last 50 bp (See Appendix I for example of FastQC output) but 2524 
considering the forward read covered the entire V3 region and part of the V4 region, all 2525 
downstream sequence analysis was conducted on this data. In order to preserve the best quality 2526 
data, the forward reads were passed through Trimmomatic (Bolger et al. 2014) and all reads less 2527 
than 250 bp or with an average phred score of less than 33 were discarded. A sliding window was 2528 
set at 4:15 and leading and trailing ends trimmed by 8 bp. After this process an average of 50% of 2529 
reads were retained and passed to QIIME 1.9.1 where individual sample sequences were pooled into 2530 
a fasta file and clustered by closed reference clustering at 97% similarity into operational taxonomic 2531 
units (OTUs). Representative OTUs were then aligned against the Greengenes May 2013 release 2532 
(http://http//greengenes.lbl.gov; DeSantis et al. 2006) using PyNAST software (Caporaso et al. 2533 
2010b). Taxonomy was assigned using UCLUST (Edgar 2010) with a minimum support threshold 2534 
of 97 %. Lane mask was applied (Caporaso et al. 2010b) and subsequently singletons, unassigned 2535 
sequences and for the sequence dataset describing archaeal populations, any sequences identifying 2536 
as bacteria were filtered out of the OTU table. Additionally, chimeras were removed using 2537 
ChimeraSlayer (Haas et al. 2011). A representative maximum likelihood tree was constructed from 2538 
the filtered alignment using FastTree (Price et al. 2010). Species level identity of the top ten OTUs 2539 
was validated using BLASTn 2.2.32 (Altschul et al. 1997) against the National Centre for 2540 
Biotechnology Information (NCBI) 16S rRNA sequence database. 2541 
6.2.5 Statistical analysis 2542 
Taxonomic diversity within individual samples at a given depth was described using alpha 2543 
diversity measures (phylogenetic distance, observed OTUs and Shannon index) calculated in 2544 
QIIME. Between-sample similarity was determined using beta diversity measures (weighted and 2545 
unweighted unifrac distance matrices). Unweighted unifrac determines presence/ absence of an 2546 
OTU in a sample while weighted unifrac determines relative abundance of an OTU within a sample. 2547 
Generated unifrac distance matrices were visualised in two dimensions with principal co-ordinates 2548 
analysis (PCoA) plots with Emperor visualisation software (Vázquez-Baeza et al. 2013). 2549 
Subsequently a non-parametric analysis of similarity (ANOSIM) was conducted on the distance 2550 
matrices in QIIME to compare similarity between diets. Alpha diversity measures were analysed 2551 
using the general linear model (GLM) in Minitab 17 (Minitab Statistical Software, CA, USA) with 2552 
diet as fixed factor and the period 1 values, when all animals (n=12) were fed low quality Chloris 2553 
gayana hay (LQH1), included as covariate. Where covariate was significant (P<0.05) or showed a 2554 
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trend to significance (0.05<P<0.09), diet means (period 2) were ‘fitted’ based on covariate 2555 
influence. Where covariate was not significant, or trending to significance (P ≥0.1); it was excluded 2556 
from the model to preserve degrees of freedom. In these cases a one way ANOVA was conducted 2557 
on P2 variables with diet [high quality hay (HQH), low quality hay period 2 (LQH2) or Urochloa 2558 
mosambicensis pasture (PAS)] as a fixed factor. Tukey’s post hoc comparisons tested differences 2559 
between diet means. Diet effects were considered significant at P<0.05. Additionally, Spearmans 2560 
correlations were conducted between archaeal OTU numbers with rumen outflow rates and CH4 2561 
production (Chapter 5.3).  2562 
 2563 
6.3 Results 2564 
6.3.1 Bacteria 2565 
The average number (mean ± s.e) of partial 16S rRNA sequences per sample after clustering 2566 
at the 97 % sequence similarity and removal of chimeras was 45,358 ± 3,774, 56,444 ± 5,647, 2567 
70,048 ± 9,520 and 43,931 ± 9,930 for LQH1, LQH2, HQH and PAS, respectively. The minimum 2568 
number of bacterial sequences for any one sample was 27,000 sequences and alpha and beta 2569 
diversity were measured on a rarefied OTU table (27,000 sequences). The number (mean ± s.e) of 2570 
species level OTUs per sample was 1,696 ± 45, 1,846 ± 31, 1,924 ± 76, and 1,767 ± 71 for LQH1, 2571 
LQH2, HQH and PAS, respectively (Table 6.2). There was no effect of P1 covariates on any alpha 2572 
diversity measures. There was no diet effect on observed species, or on phylogenetic distance. Less 2573 
overall biodiversity was observed in LQH2 samples compared with HQH and PAS as shown by a 2574 
lower Shannon index (LQH2; 8.8 vs. 9.1 in HQH and PAS, P<0.05; Table 6.2).  2575 
 2576 
  2577 
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Table 6.2 Measures of bacterial alpha diversity (phylogenetic distance (PD), observed species and 2578 
Shannon index) in samples taken from steers (n=12) fed either low quality Chloris gayana hay (LQH; 2579 
n=16) in period 1, and switched to high quality C. gayana hay (HQH; n=4), Urochloa mosambicensis 2580 
(PAS; n=4) or remaining on LQH (LQH2; n=4) in period 2. 2581 
 Covariate period Treatment period 
  LQH1  P-value A LQH2  HQH PAS  P-value B 
PD_whole tree 58.1 ±1.1 n.s 61.6 ±2.4 65.0 ±1.6 59.3 ±1.0 n.s 
Observed_species 1695 ±44.7 n.s 1846 ±104 2005 ±53.4 1893 ±46.5 n.s 
Shannon 8.8 ±0.1 n.s 8.8b ±0.03 9.1a ±0.01 9.1a ±0.04 ** 
A Where the P1 Covariate was P>0.09 it was excluded from the model and a simple ANOVA was conducted with diet 2582 
as fixed factor– where the P1 covariate was included it should be noted that the means are ‘fitted’ means based on the 2583 
influence of the covariate period 2584 
a, b, c P2 means within rows followed by the same superscript are not significantly different (p>0.05) using Tukey 2585 
procedures, P1 means are not being compared against P2 mean 2586 
 2587 
Rarefaction curves rose sharply up to approximately 4000 sequences and began to plateau. 2588 
However, curves did not flatten, indicating further depth could potentially have been achieved.  The 2589 
rarefaction curve for observed species (OTUs) is shown (Figure 6.1). 2590 
 2591 
 2592 
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 2593 
Figure 6.1 The rarefaction curve of observed species of bacteria at an even sampling depth (27,000 2594 
sequences). Each line represents a dietary category. There were no differences between diets and 2595 
individual lines are not identified. 2596 
 2597 
6.3.1.2 Principal components 2598 
Results from PCoA for Unifrac distance matrices are shown in Figures 6.2 and 6.3. The first 2599 
principal component accounted for 21.17 % and 43.37%, the second axis accounted for 8.93% and 2600 
17.28% and the third axis accounted for 6.76% and 10.48% of the variation in unweighted and 2601 
weighted Unifrac respectively. The categorical variable ‘diet’ revealed individuals fed the same diet 2602 
had more similar microbial communities based on unweighted Unifrac distance matrices compared 2603 
with different diets. Data points were more homogenously clustered than in weighted compared 2604 
with unweighted plots, and clustering was less apparent. One steer in the LQH2 diet occupied a 2605 
position in the plot distant to the other steers in this diet group. PCoA plots are a graphical 2606 
representation of the spatial distance between points. However, non-parametric ANOSIM tests 2607 
confirmed clustering by diet for both unweighted (R statistic 0.6062; P= 0.01) and weighted (R 2608 
statistic 0.7218, P= 0.01) unifrac matrices.  2609 
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 2610 
 2611 
Figure 6.2 Two dimensional visualisation of principal co-ordinates plot for unweighted unifrac 2612 
distance matrix of the bacterial 16S rRNA gene; data points are steers fed low quality Chloris gayana 2613 
hay (LQH) in period 1 (P1; n=12), and either high quality C. gayana hay (HQH), high quality Urochloa 2614 
mosambicensis (PAS) or remaining on LQH in period 2 (n=4 per group). Blue and orange triangles = 2615 
LQH1 and LQH2 respectively; red circles = HQH; green squares = PAS.  2616 
PAS LQH (1&2)
HQH
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 2617 
Figure 6.3 Two dimensional visualisation of principal co-ordinates plot for weighted unifrac distance 2618 
matrix of the bacterial 16S rRNA gene for steers (n=12) fed either low quality Chloris gayana hay 2619 
(LQH) in period 1 (P1), and either high quality C. gayana hay (HQH), high quality Urochloa 2620 
mosambicensis (PAS) or remaining on LQH in period 2 (P2). Blue and orange triangles = LQH1 and 2621 
LQH2 respectively; red circles = HQH; green squares = PAS. 2622 
 2623 
  2624 
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6.3.1.2 Relative abundance 2625 
Overall, 22 distinct phyla were present in the rumen fluid samples, with 8 phyla 2626 
(Bacteroidetes, Firmicutes, TM7, Tenericutes, SR1, Proteobacteria, Planctomyces and 2627 
Fibrobacters) present at greater than 1% abundance in at least one diet type (Figure 6.4).  2628 
 2629 
 2630 
Figure 6.4 The relative abundance of the eight phyla present at relative abundance of >1% in Bos 2631 
indicus steers (n=12) fed low quality Chloris gayana hay (LQH1) in period 1, and switched (n=4 per 2632 
diet) to high quality C. gayana hay (HQH), high quality Urochloa mosambicensis (PAS) or remaining 2633 
on LQH in period 2. 2634 
 2635 
The predominant phyla across diets were Bacteroidetes and Firmicutes (Figure 6.5), 2636 
between them accounting for approximately 90 % OTUs, in a Bacteroidetes: Firmicutes (B: F) ratio 2637 
of 1.2, 1.1, 0.8 and 0.7 for LQH1, LQH2, HQH and PAS respectively. Within these phyla, 120 2638 
families and 235 genera were present. 2639 
 2640 
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 2643 
 2644 
 2645 
Figure 6.5 The combined proportion of the two major phyla Bacteroidetes and Firmicutes in Bos 2646 
indicus steers (n=12) fed low quality Chloris gayana hay (LQH1) in period 1 (P1), and high quality C. 2647 
gayana hay (HQH), high quality Urochloa mosambicensis (PAS) or remaining on LQH in period 2 (n=4 2648 
per period 2 diet). 2649 
 2650 
6.3.1.3 Phylum Bacteroidetes 2651 
There were 30 genera in the phylum Bacteroidetes and the genus Prevotella was the most 2652 
abundant. Prevotella comprised 20% – 22.8% species level OTUs in LQH1 and LQH2 respectively, 2653 
and 15.3 and 14.6% OTUs in HQH and PAS respectively. There were 266 individual species level 2654 
OTUs assigned to the genus Prevotella, with only one identified as a match to P. ruminocola. The 2655 
five Prevotella OTUs with the greatest frequency in the OTU table matched between 89 and 91% 2656 
homology to P. albensis strain M384. The other predominant set of OTUs, were uncharacterised at 2657 
the genus or family level of the order Bacteroidales. The closest match in the database to an OTU in 2658 
this order, was an uncharacterised bacterium cloned from camel gut in Queensland (GenBank: 2659 
HM008753.1) and only very distantly related to any known organism (<80%). It was observed at 2660 
0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00
LQH1 LQH2 HQH PAS
Bacteroidetes
Firmicutes
   
 
137 
 
19.92% and 16.2% OTUs in LQH1 and LQH2 respectively and 15.5% and 14.97% HQH and PAS 2661 
respectively. Four genera belonged to the family Paraprevotellaceae and combined were 2662 
approximately 1% of total OTUs. Also present were members of the genera Paludibacter (0.01% - 2663 
0.03%) and Porphyromonas (0.01 – 0.07%). 2664 
6.3.1.4 Phylum Firmicutes 2665 
Operational taxonomic units identifying with the class Clostridia comprised 99.9% of all 2666 
Firmicutes across all diets, with 0.01% belonging to Bacilli and Lactobaccili. The families 2667 
Ruminococcacea, Lachnospiraceae, Veillonellaceae, Mogibacteraceae and an unidentified family 2668 
in the order Clostridiales were the predominant families (>1% total Firmicutes). Members of the 2669 
family Ruminococcacea ranged between 34% of total Firmicutes in PAS steers to 43% in LQH2 2670 
steers. The second largest group in this phylum was an unidentified family in the Clostridiales 2671 
(27% - 30%). Members of an unidentified genus from the family Ruminococcacea were present in 2672 
the highest abundance within Phylum Firmicutes, 14.6% and 13.2% in LQH1 and LQH2, 2673 
respectively, 15% in PAS and 17% in HQH fed steers. There were 74 species level OTUs assigned 2674 
to the genus Ruminococcus, the most common OTU (ranging from 27 to 385 sequences per sample) 2675 
was a 91% match to R. albus. Other genera of known importance in fibre digestion were present at 2676 
low abundance, Butyrivibrio (0.51 – 2.2%) and Pseudobutyvibrio, (0.4% -1.4 %), Clostridium (1.07 2677 
- 1.87%) and Succiniclasticum (2.01% - 2.72%). 2678 
 2679 
6.3.2 Archaea 2680 
The average number of partial 16S rRNA sequences after clustering at the 97 % sequence 2681 
similarity and removal of chimeras was 59,810 ± 13, 800, 48,155 ± 10,276, 40,402 ± 5,539  and 2682 
59,217 ± 9,481 for LQH1, LQH2, HQH and PAS respectively. The mean length (± standard 2683 
deviation) of representative sequences was 275 ± 16 bp. The average number of OTUs per sample 2684 
was 24, 23, 23 and 21 for LQH1, LQH2, HQH and PAS, respectively.  2685 
6.3.2.1 Diversity 2686 
Rarefaction at an even depth of 30, 000 sequences exhibited curves which reached plateau at 2687 
approximately 3000 sequences per sample. There was no effect of the period 1 covariate (shown 2688 
here for comparison only) on any measured value of alpha diversity. The Shannon index was lower 2689 
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(P<0.05) in PAS samples compared with LQH and HQH hays (Table 6.3). There was no effect of 2690 
diet on either phylogenetic distance or observed species (Table 6.3).  2691 
 2692 
Table 6.3 Measures of archaeal alpha diversity (phylogenetic distance (PD), observed species and 2693 
Shannon index) in samples taken from steers (n=12) fed either low quality Chloris gayana hay (LQH1; 2694 
n=12) in period 1, and switched to high quality C. gayana hay (HQH; n=4), Urochloa mosambicensis 2695 
(PAS; n=4) or remaining on LQH (LQH2; n=4) in period 2. 2696 
 Covariate period Treatment period 
  LQH1 P-value LQH2 HQH PAS Diet P-value 
PD_whole tree 2.0 ±0.2 n.s 1.96a ±0.2 1.8a ±0.1  1.8a ±0.3 n.s 
Observed_species 23.9 ±2.9 n.s 23.4a ±3.8 22.1a ±1.5 21.9a ±1.5 n.s 
Shannon 2.9 ±0.8 n.s 3.01a ±0.1 2.7a ±0.1 2.4b ±0.2 0.002 
A Where the P1 Covariate was P>0.09 it was excluded from the model and a simple ANOVA was conducted with diet 2697 
as fixed factor– where the P1 covariate was included it should be noted that the means are ‘fitted’ means based on the 2698 
influence of the covariate period 2699 
a, b, c P2 means within rows followed by the same superscript are not significantly different (p>0.05) using Tukey 2700 
procedures, P1 means are not being compared against P2 mean 2701 
 2702 
 2703 
  2704 
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Rarefaction curves of observed species showed that a plateau was reached after 3,500 sequences 2705 
(Figure 6.6) after which not much improvement in number of unique OTUs was observed.  2706 
 2707 
 2708 
Figure 6.6 The rarefaction curve of observed species at an even sampling depth of 35,000 sequences 2709 
samples taken from Bos indicus steers (n=12) fed low quality Chloris gayana hay (LQH1) in period 1 2710 
(P1), and high quality C. gayana hay (HQH), high quality Urochloa mosambicensis (PAS) or remaining 2711 
on LQH in period 2 (n=4 per period 2 diet) 2712 
 2713 
Beta diversity measures of ‘between sample’ variation, indicated that no observed effect or 2714 
trend of diet was observed with weighted unifrac (ANOSIM; R statistic = 0.073, p=0.22). There 2715 
was 55.6% variation explained by the first component, 22.9% on the second component axis and 2716 
10.3% on the third. Strict clustering of communities by diet alone on the first component axis was 2717 
not observed, although the majority of PAS samples clustered together (3 out of 4) and the majority 2718 
of the LQH samples clustered together. 2719 
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 2720 
Figure 6.7 Two dimensional visualisation of principal co-ordinates plot for weighted unifrac distance 2721 
matrix coloured according to diet in Bos indicus steers (n=12) fed low quality Chloris gayana hay (LQH1) 2722 
in period 1 (P1), and switched (n=4 per diet) to high quality C. gayana hay (HQH), high quality Urochloa 2723 
mosambicensis (PAS) or remaining on LQH in period 2 (blue and orange triangles = LQH1, LQH2 2724 
respectively; red circles = HQH, green squares = PAS). 2725 
 2726 
  2727 
PAS
HQH
LQH (1&2)
P
AS 
   
 
141 
 
The PCoA plots for the unweighted distance matrices showed data clustered in highly distinct 2728 
groups (Figure 6.8). There was a moderate trend effect of diet (ANOSIM; R statistic = 0.13, p=0.086) 2729 
for unweighted unifrac distance matrices and diet as a categorical grouping did not explain the 2730 
clustering on the axes, of which 55.6% variation was explained on the first component axis and 22.9% 2731 
and 10.3% on the second and third axes respectively (Figure 6.8). 2732 
 2733 
 2734 
Figure 6.8 Two dimensional visualisation of principal co-ordinates plot for unweighted unifrac distance 2735 
matrix coloured according to diet in Bos indicus steers (n=12) fed low quality Chloris gayana hay (LQH1) 2736 
in period 1 (P1), and switched (n=4 per diet) to high quality C. gayana hay (HQH), high quality Urochloa 2737 
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mosambicensis (PAS) or remaining on LQH in period 2 (LQH2; blue, orange = LQH1, LQH2 respectively; 2738 
red = HQH, green = PAS). 2739 
6.3.2.2 Relative abundance  2740 
Both phyla Euryarchaeota and Crenarchaeota were represented with seven genera from five 2741 
orders and five families. Sequences grouping with the phylum Euryarcheota were most numerous 2742 
(99.9%). The relative abundance of methanogenic archaea is shown in Figure 6.9 for each animal in 2743 
both P1 (covariate) and P2 (treatment). Methanobrevibacter assigned OTUs and those assigned to the 2744 
Thermoplasmata (E2) family made up the largest proportion, accounting for an average of 52% and 2745 
40% relative abundance respectively. Populations of genera Methanomicrococcus, Methanospheara 2746 
and Methanoplanus all contributed less than 5% on average with some individual sample variation. 2747 
 2748 
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 2749 
Figure 6.9 The relative abundance of methanogenic archaea families in Bos indicus steers (n=12) fed low 2750 
quality Chloris gayana hay (LQH1) in period 1, and switched (n=4 per diet) to high quality C. gayana hay 2751 
(HQH), high quality Urochloa mosambicensis (PAS) or remaining on LQH in period 2 (LQH2) 2752 
It is suggested that the class Thermoplasmatales contains methylotrophic methanogens, based 2753 
on OTU homology to the genus Methanomasiliiococcus in the literature.  The genus Methanosphaera 2754 
is also known to be methylotrophic and when these two clusters were combined they were 60% relative 2755 
archaeal abundance in steers fed PAS and 49-55% relative abundance in steers either LQH hay or HQH 2756 
hay. Combined with Methanobrevibacter spp. these genera accounted for >88% (LQH1) and up to 99% 2757 
(PAS) of methanogens in these samples (Figure 6.10). 2758 
 2759 
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 2760 
Figure 6.10 The relative abundance of Methanobrevibacter (autotrophic genus) and OTUs assigned to 2761 
Thermoplasmatales (vadinCA11) + Methanosphaera (supposed methylotrophic genera) in 16S rRNA 2762 
comparison in Bos indicus steers (n=12) fed low quality Chloris gayana hay (LQH1) in period 1 (P1), and 2763 
switched (n=4 per diet) to high quality C. gayana hay (HQH), high quality Urochloa mosambicensis (PAS) 2764 
or remaining on LQH in period 2 (LQH2)  2765 
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When the number of unique OTUs was plotted against the number of sequences per OTU it was 2766 
revealed that the majority of archaeal sequences in the rumen (>5000 sequences) belonged to less than 2767 
a third of the OTUs at the species level while the majority of OTUs were observed to contain less than 2768 
500 sequences (Figure 6.11). 2769 
 2770 
 2771 
 2772 
 2773 
Figure 6.11  Frequency plot showing number of sequences within OTU assignment (archaea) in Bos 2774 
indicus steers (n=12) fed low quality Chloris gayana hay (LQH1) in period 1 (P1), and switched (n=4 per 2775 
diet) to high quality C. gayana hay (HQH), high quality Urochloa mosambicensis (PAS) or remaining on 2776 
LQH in period 2 (LQH2). The majority of sequences belonged to less than 10 unique OTUs at 0.97 2777 
similarity. 2778 
 2779 
  2780 
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BLAST alignments of all unique OTU representative sequences against the NCBI 16S rRNA 2781 
gene database, revealed that most sequences were from uncultured archaeons, but those identifying 2782 
with the genus Methanobrevibacter were readily identified at the species level (>97% homology to a 2783 
known taxa). Common species were Methanobrevibacter millerae strain ZA-10, with four OTUs 2784 
matching between 94 and 98% homology, Methanobrevibacter olleyae strain KM1H5-1P with two 2785 
OTUs matching at 98 and 99 % homology, Methanobrevibacter thaueri with three OTUs matching at 2786 
98 – 99 % homology and one OTU matching to Methanobrevibacter boviskoreani strain JH1 at 97%. 2787 
The last identified Methanobrevibacter species was smithii with one OTU at 97% homology, however 2788 
this OTU also matched at 97% with both to M. millerae, and Mbb thaueri. Another OTU (#842958) 2789 
matched identically between M. Thaueri and M. millerae. Three OTUs matched Methanosphaera 2790 
stadtmanae between 95 and 98% homology. Several OTUs matched to M. luminyensis but at no greater 2791 
sequence similarity than 86%. One OTU was identified as Methanomicrobium mobile. These data are 2792 
summarised in Table 6.4.  2793 
  2794 
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Table 6.4 BLASTn alignment of archaeal 16S rRNA gene OTUs with nearest known species (%Identity) 2795 
and OTU numbers for Bos indicus steers (n=12) fed low quality Chloris gayana hay (LQH1) in period 1,  2796 
high quality C. gayana hay (HQH), high quality Urochloa mosambicensis (PAS) or remaining on LQH in 2797 
period 2 (LQH2). 2798 
OTU# Nearest taxa 
Id
en
t 
(%
) 
#OTUs per diet 
  
LQH1 
(n=12) 
LQH2 
(n=4) 
PAS 
(n=4) 
HQH 
(n=4) 
152450 M.  millerae strain ZA-10 99 16603 12112 22932 12421 
154146 M.  luminyensis strain B10 82 11015 7201 14716 11291 
842958 M. millerae strain ZA-10* 99 6938 5338 8328 4739 
152801 M.  luminyensis strain B10  85 4509 4424 7218 3686 
44971 M.  luminyensis strain B10  86 6661 3962 817 2121 
104130 M.  olleyae strain KM1H5-1P  99 4583 6366 2323 2157 
151893 M.  millerae strain ZA-10 85 4582 1464 82 1221 
50770 M. mobile strain BP ** 99 2400 1888 13 578 
849440 M.  thaueri strain CW 16S  99 834 912 926 556 
153679 M.  luminyensis strain B10 82 376 1398 656 704 
153647 M. stadtmanae strain DSM  95 308 1220 184 134 
152466 M. stadtmanae strain DSM  95 179 715 276 136 
4438983 M. thaueri strain CW        98 250 521 77 172 
565174 M. stadtmanae strain DSM  98 161 97 302 84 
103975 M. boviskoreani strain JH1  97 75 195 196 283 
126 M. smithii strain PS*** 97 44 123 100 39 
847094 M. boviskoreani strain JH1  97 47 107 0 5 
*also 99% homology to M. thaueri 2799 
**assigned genus Methanoplanus in greengenes  2800 
*** also 97% homology to M. millerae, M. thaueri 2801 
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One OTU which was initially assigned to Methanoplanus genus in QIIME was 99% 2802 
homologous to Methanomicrobium mobile when aligned against the NCBI database with the BLAST 2803 
tool and may reflect updated genus assignments in the NCBI system, since the last greengenes database 2804 
update (August 2013). Methanomicrobium mobile assigned OTUs comprised approximately 104 2805 
sequences in the animals fed LQH hay in either period, ~103 in animals fed HQH hay and virtually 2806 
non-existent (13 OTUs) in PAS fed animals (Table 6.4), and members of the Thermoplasmata order 2807 
were abundant, a total of 6 unique OTUs, with 14,610 sequences in the prevalent OTU, but remain 2808 
distantly related, no higher than 86% to the nearest known taxa. The nearest taxonomic assignments 2809 
were always Methanomassiliiococcus luminyensis at identity homology of between 82 and 86%. A 2810 
total of 16 OTUs were common between all animals on all diets. Group significance test conducted in 2811 
QIIME indicated that diet influenced eight archaeal OTUs (#151893, #44971, #4340927, #152715, 2812 
#50770, #4438983, #104130, #152450; P <0.05). In the first six of these, the lowest number of OTUs 2813 
was observed in steers fed PAS. The latter two OTUs were higher in PAS than other diets. 2814 
6.3.3 Correlations of OTUs with metadata 2815 
The number of OTUs per sample was correlated against rumen outflow rate (particle and fluid 2816 
phase) as well as CH4 g/d (Chapter 5.3) using Spearman’s rank correlation which enabled comparison 2817 
without skewing due to the large numerical range in number of OTUs. Five OTUs were correlated with 2818 
CH4 g/d (Table 6.5). All five decreased in frequency as methane increased (#44971, #104130, #151893, 2819 
#50770,  #153647) and represented OTUs identifying with all the primary methanogenic genera 2820 
Methanomassiliococcus (P=0.00), Methanosphaera (P=0.014), Methanobrevibacter (P=0.002) and 2821 
Methanomicrobium (P=0.013). Rumen outflow rate, both particulate and fluid phase was also 2822 
correlated with five genera (Table 6.5). These five included three that were correlated with CH4 and an 2823 
additional two, both assigned to the genus Methanobrevibacter (Table 6.5). Both positive and negative 2824 
relationships between specific genera and rumen outflow rate were observed. 2825 
 2826 
  2827 
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Table 6.5 Spearman’s rank correlations (R statistic) between specific methanogen OTUs with CH4 and 2828 
rumen outflow rate for particle phase and fluid phase in Bos indicus steers fed high quality C. gayana hay 2829 
(HQH), high quality Urochloa mosambicensis (PAS) or low quality C. gayana hay (LQH2). 2830 
OTU# Closest match (NCBI) Ident 
(%) 
CH4 g/d Solid FOR (%h) Fluid FOR (%h) 
842958 M. millerae strain ZA-10 99 - -0.538 (0.071) 0.564 (0.071) 
44971 M. luminyensis strain B10  86 -0.726*** 
 
-0.797** 
 
-0.936*** 
 
104130 M. olleyae strain KM1H5-1P  99 -0.599** 
 
- - 
151893 M. millerae strain ZA-10 85 -0.654*** 
 
-0.636* 
 
-0.791** 
 
50770 M. mobile strain BP          99 -0.501* 
 
-0.585* 
 
0.775** 
 
153647 M. stadtmanae strain DSM  99 -0.497* 
 
- - 
4438983 
 
M. thaueri strain CW         98 - -0.727** 
 
0.773** 
 
126 M. smithii strain PS  97 - 0.744** 
 
0.74** 
 
*** = P<0.001, **=P<0.01, *=P<0.05  2831 
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Ruminal outflow rate had a relationship to OTU numbers. When OTU #44971 (86% match to 2832 
M. luminyensis) was plotted in a scatter against solid phase FOR, increasing rumen outflow resulted in 2833 
decreased numbers of this OTU (Figure 6.12; y = -1222.2x + 7351.1; R² = 0.58). It was also negatively 2834 
related to fluid FOR (y = -497.33x + 7013, R² = 0.88). 2835 
 2836 
 2837 
 2838 
 2839 
Figure 6.12 Regression relationship between OTU #44971 (M. luminyensis; 86% similarity) and fluid 2840 
phase fractional outflow rate from the rumen (y = -497.33x + 7013, R² = 0.88). Individual points are Bos 2841 
indicus steers (n=4 per diet) fed high quality C. gayana hay (HQH), high quality Urochloa mosambicensis 2842 
(PAS) or remaining on LQH in period 2 (LQH2). 2843 
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A positive relationship was observed between OTU #152450 (Methanobrevibacter millerae 2846 
99%) and the fluid FOR in the rumen (Figure 6.13; y = 1842.2x - 1918.7, R² = 0.52).  2847 
 2848 
 2849 
 2850 
Figure 6.13 The positive regression relationship (y = 1842.2x - 1918.7, R² = 0.52) between number of 2851 
sequences assigned to OTU #152450 (Methanobrevibacter millerae; 99% similarity) and the rumen outflow 2852 
rate of the rumen. Individual points are Bos indicus steers (n=4 per diet) fed high quality C. gayana hay 2853 
(HQH), high quality Urochloa mosambicensis (PAS) or remaining on LQH in period 2 (LQH2). 2854 
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6.4 Discussion 2856 
The relationship between forage quality and rumen microbial diversity in steers consuming 2857 
forage of high and low quality is described. Some technical limitations were experienced due to 2858 
problems with the sequencing platform which resulted in poor quality, short reads being obtained from 2859 
the sequencing provider. The paired 2 x 300 bp sequence reads could not be joined, reducing the length 2860 
of the 16S rRNA gene sequence fragments obtained and potentially reducing the ability to assign 2861 
sequence taxonomy. However, it has been shown that the V3 region provides more informative 2862 
phylogenetic differentiation compared with other hypervariable regions (Chakravorty et al. 2007; Yu et 2863 
al. 2008; Kim et al. 2011a) and greater quantity of sequences also provides substantially greater depth 2864 
compared with 454 FLX Titanium pyrosequencing. Additionally, stringent quality control measures 2865 
were applied to utilise only the best quality reads. The length of the forward reads, in this case 275 bp, 2866 
was deemed sufficient to assign taxonomy.  2867 
 2868 
6.4.1 Bacteria 2869 
In this study, forage quality exerted an influence on microbiome diversity, demonstrated by 2870 
significantly lower (P<0.05) Shannon index in LQH fed cattle. This is somewhat unexpected as 2871 
generally, higher microbial diversity is associated with higher fibre diets. However, all three diets here 2872 
are C4 grass diets high in fibre, while the LQH had less nitrogenous compounds and less soluble 2873 
carbohydrates which may have decreased bacteria associated with the fluid phase. Shannon diversity of 2874 
bacterial sequences in the current study was similar to those reported by McCann et al. (2014) for Bos 2875 
indicus bulls grazing Bermuda grass and ~50% greater than reported for Bos taurus steers consuming 2876 
either winter wheat (5.3) or Bermuda grass hay (6.5;  Pitta et al. 2010). Winter wheat is a C3 cereal 2877 
grass, and was considerably better quality (g/ kg DM – mean CP 199, in vitro DMD 820, NDF 397) 2878 
than the C4 Bermuda grass (g/ kg DM – CP 112, in vitro DMD 679, NDF 572; Pitta et al. 2010), and 2879 
any of the forages in the current study (g/ kg DM – CP. Direct comparison between trials is perhaps 2880 
invalid, but in the work of Pitta et al. (2010) the reduction in Shannon index co-incided with 2881 
improvement in forage quality. Pitta et al. (2010) noted that microbiome data frequently is focused on 2882 
transition from grain to forage, and that their own data when cattle grazed on winter wheat or Bermuda 2883 
grass was among very few studies to focus on specifically forage diets. 2884 
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Clustering according to diet was observed in the beta diversity measures both unweighted 2885 
unifrac, which identifies presence/ absence of OTUs and weighted unifrac which incorporates relative 2886 
abundance of OTUs. The microbial community in PAS animals appeared to separate distinctly from the 2887 
two hay diets (HQH and LQH), indicating that soluble components in the feed support some different 2888 
microbial populations.  2889 
At the phylum level, Bacteroidetes and Firmicutes were dominant at all times and the 2890 
Bacteroidetes: Firmicutes (B: F) ratio was affected by diet quality, as has been observed in other 2891 
studies (Fernando et al., 2010; Li et al., 2012). The other major phyla found here are present in a wide 2892 
variety of rumen studies and have been proposed part of core microbiome (Jami et al. 2014). The B: F 2893 
ratio has been linked to energy metabolism (Ley et al. 2006) and a decrease in the B: F ratio is 2894 
associated with an improved energy harvesting from food in humans (Ley et al. 2010). Low 2895 
Bacteroidetes in obese mice is inversely related to lipids concentration, in blood and tissue (Turnbaugh 2896 
et al. 2006) and is unchanged when lean mice are inoculated with microbiota from the obese mice. It 2897 
could be argued that the difference in gut physiology and representative genera between monogastrics 2898 
and ruminants precludes comparisons, however, Jami and Mizrahi (2012) observed an association 2899 
between the B: F ratio and milk fat composition in dairy cows. Also associated with periods grazing 2900 
low quality forage, is mobilisation of lipids from tissue, accompanied by increased circulating non-2901 
esterified fatty acids (NEFA) and decreased blood glucose in rangeland cattle (Mapiye 2010). 2902 
Potentially, increase of Firmicutes at the expense of Bacteroidetes on low quality diets is related to the 2903 
shift in metabolic strategy to optimise energy harvesting from available nutrients during a time of low 2904 
nutrient availability and negative energy balance. However, the changing ratio in the current study is 2905 
largely driven by changes in relative abundance of the dominant genera, which are Prevotella in the 2906 
Bacteroidetes, and unidentified genera from the family Ruminococcaceae.  2907 
McCann et al. (2014) found Prevotella spp. to be associated with low residual feed efficiency in 2908 
Bos indicus bulls consuming C4 Bermuda grass. Prevotella spp. are associated with degradation of 2909 
starch, hemicellulose, pectin and protein (Dehority 2003), and the four known species in the rumen 2910 
have different enzymatic capabilities (Matsui et al. 2000). All four possess polygalacturonase which is 2911 
a key enzyme involved in degradation of alpha 1, 4 galacturonic bonds found in a variety of starches 2912 
and pectin residues (Matsui et al. 2000). The top five OTUs located within the Prevotella genus all 2913 
matched at varying homology to P. albensis type strain M384, characterised by little to no CMC-ase 2914 
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activity, and no ability to grow on sucrose, inulin, acetyl-glucosamine, or D-raffinose (Avguštin et al. 2915 
1997). It also has the lowest activity of the rumen Prevotella on casein, but is effective on glycine-2916 
arginine MNA complexes (Avguštin et al. 1997). Although Prevotella ruminocola is non-cellulolytic, 2917 
co-culture of this strain with either of the cellulolytic F. succinogenes or R. flavefaciens improves 2918 
cellulose digestion (Fondevila and Dehority 1996) and potentially, on low quality forage, increase of 2919 
genera within the family Ruminococcaceae (as observed in LQH fed steers) may provide a synergistic 2920 
effect on fibre digestion with Prevotella spp. 2921 
 In this study, the importance of fibre is illustrated by the predominance in the most abundant 2922 
genera of those, containing known fibrolytic organisms. Fibrobacter succinogenes, the sole rumen 2923 
dwelling member of the Fibrobacter phylum, was present at relative abundance of greater than 2% in 2924 
all diets. However, uncultivated Ruminococcus spp. appear to be the dominant known cellulolytic 2925 
genus in this experiment, with closest homology to R. albus, a cellulose and hemicellulose degrading 2926 
bacterium producing ethanol and acetate as well as CO2 and H2 (Christopherson et al. 2014). Also 2927 
present were members of the genera Butyrivibrio and Pseudobutyvibrio which possess hemicellulolytic 2928 
enzymes and produce butyrate. Both these genera were present at a greater (P<0.05) abundance in PAS 2929 
steers, potentially reflecting the greater content of hemicellulose and soluble carbohydrates in the fresh 2930 
grass compared with conserved forages (chemical composition; Chapter 5.3.1). The type species of the 2931 
Succiniclasticum genus, S. ruminis converts succinate to propionate as do members of the genus 2932 
Selenomonas which was present at low levels (0.49%). Species assigned to the genera Treponema grow 2933 
in co-culture with F. succinogenes on soluble sugars released from cellulose digestion (Stanton and 2934 
Canton-Parola 1980) and these were present at low abundance. 2935 
6.4.2 Methanogenic archaea 2936 
An effect of forage quality was also observed in the archaeal populations. In this case PAS 2937 
animals had a lower (P<0.05) Shannon index than both of the hay diets (LQH and HQH) corresponding 2938 
to a numerically lower although not significantly different number of observed species.  Methanogens 2939 
identified in this study are consistent with those observed elsewhere with a predominance of 2940 
Methanobrevibacter affiliated OTUs in the majority of samples.  Although, these were lower than the 2941 
60% abundance reported in the global dataset according to Jansenn and Kirs (2008). M. millerae was 2942 
most frequent, with some sequences assigned to lesser known species M. thaueri, M. olleyae and M. 2943 
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smithii. Only 1 OTU was observed to be associated with M. ruminantium. Archaea comprise 1 - 3% of 2944 
total rumen prokaryotes and overall diversity is naturally lower than bacteria due to fewer numbers of 2945 
genera in this domain inhabiting the rumen. Shannon diversity index were comparable to other studies 2946 
of rumen archaea (Jansenn and Kirs 2008; Jeyanathan et al. 2011). A substantial portion of OTUs were 2947 
assigned to the uncultured Thermoplasmatales group. This group are variously known as the rumen 2948 
cluster C (RCC) or the Thermoplasmatales affiliated lineage (TALC), and recently the order 2949 
Methanosilliococcales has been created to house three isolates from human faeces (Dridi et al. 2012), 2950 
human intestine (Borrel et al. 2012) and chicken gut (Padmanabha et al. 2013).  The unknown 2951 
Thermoplasmatales group comprise 15.8% of the global 16S rRNA sequence dataset compiled by 2952 
Jansenn and Kirs (2008), but have been found at an abundance of up to 80% in Queensland sheep 2953 
(Wright et al. 2006), 97% in the Tammar Wallaby and in concentrations less than 10% in Bos taurus 2954 
cattle (Snelling et al. 2014). In all the forage diets fed in this experiment unidentified organisms of the 2955 
class Thermoplasmatales were present with a between animal range of 26 – 55 % relative abundance 2956 
with diet means of 40%, 44%, and 38% and 36% for PAS, HQH, LQH1 and LQH2 respectively. 2957 
Members of this order are considered methylotrophic based on increased transcription of key genes 2958 
involved in methylotrophic methanogenesis, in in vitro investigations with dimethylamine and 2959 
trimethylamine substrates (Poulsen et al. 2013). Jeyanethan et al. (2011) indicates that the RCC as 2960 
observed by DGGE and 16S qPCR are a diverse group of distinct species. The type strain M. 2961 
luminyensis B10 from human faeces is the closest cultivated species (82 – 87% similarity) to many of 2962 
the OTUs identified in this study. Dridi et al. (2012) suggest that due to the close relationships RCC 2963 
have with Rice Cluster III and other highly similar sequences from marine sediments that they may be a 2964 
relatively recent evolutionary addition to the gut environment. Isolation and cultivation of a rumen 2965 
dwelling member of this order would significantly further the understanding of enteric methanogenesis 2966 
in cattle. However, as yet no type species has been axenically cultured from the rumen, and 2967 
methanogenic potential is not well understood (Jansenn and Kirs 2008; Jin et al. 2014).  2968 
Methanosphaera stadtmanae reduce methanol with H2, and are the only member of the order 2969 
Methanobacteriales to do so. Pectin hydrolysis by protozoa is a primary source of methanol in the 2970 
rumen (Williams and Coleman 1992). When OTUs assigned to this genera were combined with 2971 
Thermoplasmatales OTUs, and assuming the latter are all methylotrophic, then methylotrophic 2972 
methanogenesis was found to be the predominant pathway in cattle consuming tropical grass with 2973 
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combined relative abundance of 50 – 60 %. Grass is a relatively poor source of dietary pectin (Carberry 2974 
et al. 2014) but aforementioned degradation of cell wall into betaine (a derivative of amino acid 2975 
glycine) and choline may provide methyl groups for metabolism (Eklund et al. 2005). 2976 
The Thermoplasmatales, potentially produce more methane per mole of H2 in the rumen 2977 
(Padmanabha et al. 2013). This clade is the dominant methanogenic group in the Tammar Wallaby, and 2978 
it is well established that the Wallaby produces one fifth the amount of methane of cattle, per unit of 2979 
digestible intake (Pope et al. 2011). Evans et al. (2009) demonstrated TALC populations in the Wallaby 2980 
are affected by season with increased abundance in spring compared with autumn. This observation is 2981 
congruent with increased Thermoplasmatales populations in the PAS diet in this study. In addition it is 2982 
established across a wide range of cattle and diet types that improved forage quality decreases MP per 2983 
unit digestible intake (Johnson and Johnson 1995; Beauchemin et al. 2008; Boadi and Wittenberg 2002; 2984 
Kennedy and Charmley 2012). Until a member of rumen dwelling Thermoplasmatales can be 2985 
cultivated, their role in enteric MP will remain largely speculative and circumstantial. 2986 
The relationship between methanogenic genera and rumen outflow rate 2987 
The rumen is a dynamic environment, and dilution rate exerts competitive pressure on microbial 2988 
growth in order for them to avoid being washed out into the small intestine. In this study outflow rate 2989 
was faster (P<0.05) in PAS fed steers compared with either HQH or LQH2 (see Chapter 5) and distinct 2990 
correlations were observed with the most prevalent OTUs and rumen outflow rate underscores the 2991 
dynamic exchange in the rumen, as organisms surrender niches to competitive environmental 2992 
conditions. Longer retention times are considered beneficial for the slow growth rates of methanogenic 2993 
archaea (Benchaar et al. 2001; Thauer et al. 2008). The decreased diversity indicated by the Shannon 2994 
index in PAS fed animals indicates that the long retention times observed in LQH steers provided 2995 
favourable conditions for increased numbers of observed species. Jansenn (2010) reports that increased 2996 
rumen outflow rate is associated with an increase in the concentration of dissolved H2 in the rumen 2997 
fluid from 0.1 to 0.4 uM. The majority of genera in this experiment were unaffected by rumen outflow 2998 
rate according to Spearman’s rank correlation. However, five specific genera were affected by rumen 2999 
outflow rate with genus Methanobrevibacter millerae increasing as rumen outflow rate increased, and 3000 
an unclassified species in the Thermoplasmatales clade decreasing. When dilution rate was increased 3001 
from 3.5% to 12.5% in a continuous culture, increased MP, higher rate of microbial growth and 3002 
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decreased fermentability of substrate was observed (Eun et al. 2004). Similarly, in this experiment, MP 3003 
increased in PAS cattle (higher outflow rate) although rate of microbial growth was not measured. 3004 
Outflow rate is inextricably linked to forage quality and by extension, DMI. However, few studies have 3005 
focused on dilution rate and MP, or the relationship of any particular OTUs with outflow rates. 3006 
Sequences related to Methanomicrobium mobile were highly associated with rumen outflow rate and 3007 
were almost absent in PAS fed animals. Up to 94.4% of 16S rRNA gene sequences identified in the 3008 
rumen of Murrah buffaloes were closely related to Methanomicrobium mobile (Chaudhary and Sirohi 3009 
2009) and in Surti buffaloes up to 97.1% were observed (Singh et al. 2012). Buffalo are traditionally 3010 
fed poor quality highly fibrous feeds, however; generally buffalo have longer rumination time, but 3011 
shorter residence time than cattle by 30-35% and a faster outflow of particles from the rumen 3012 
(Franzolin and Alves 2010). Potentially, other dietary or physiological factors contribute to the 3013 
prevalence of M. mobile in a high fibre diet, such as specific association with protozoa or fungi, or 3014 
syntrophic association with unknown bacterial species. 3015 
The relationship between specific methanogenic genera and methane production 3016 
Zhou et al. (2011) found no relationship between total methanogen numbers determined by 3017 
qPCR and MP in dairy cattle but did find positive correlations between MP and a DGGE band 3018 
corresponding to M. gottshalkii. Zhou et al. (2011) also observed negative correlations between MP and 3019 
an uncultured archaeon CH1270 which when searched against the 16S rRNA gene sequence database 3020 
of BLASTn, was grouped at 77% similarity with M. ruminantium. Zhou et al. (2011) suggest that the 3021 
structure of the methanogenic community may influence MP, but correlations do not indicate causative 3022 
relationships and there are many dietary and physiological factors which impose a competitive 3023 
environment on methanogens. In this study five archaeal OTUs were correlated with daily MP using 3024 
Spearmans rank analysis and these were in general present in the largest abundance. The positive 3025 
correlation between MP and Methanobrevibacter spp. and a negative correlation with an uncultured 3026 
representative of the Thermoplasmatales clade suggest that the latter contribute to the increase in MP/ 3027 
kg digestible DM that is observed when low quality (low outflow rate) forages are fed. 3028 
 3029 
 3030 
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6.5 Conclusions 3031 
In this study, although the majority of rumen prokaryotic organisms were similar between 3032 
animals and diets, there were distinct changes in rumen bacterial and archaeal genera associated with 3033 
forage quality in C4 grasses. The results clearly identify variation in both overall diversity and relative 3034 
abundance of specific genera, namely Prevotella, unclassified genera from family Ruminococcaceae, 3035 
Methanobrevibacter and unclassified genera in Thermoplasmatales. Correlation with physiological 3036 
metadata, demonstrated that members of five genera are associated with methane and rumen outflow 3037 
rate and that certain members of the genus Methanobrevibacter decrease with increasing rumen 3038 
outflow rate compared with unclassified Thermoplasmatales which are decreased. This may have 3039 
implications in understanding methanogenesis from low quality C4 forages. 3040 
  3041 
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7.0 The commercial setting I: The effect of 3042 
rangeland pasture quality on rumen 3043 
biochemical characteristics, bacterial diversity, 3044 
and abundance change between two wet seasons 3045 
in Bos indicus composite heifers in the Barkly 3046 
Tableland. 3047 
 3048 
 3049 
 3050 
 3051 
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7.1 Introduction 3052 
The large scale extensive grazing systems of the northern Australian beef industry are 3053 
situated in a pattern of seasonal rainfall (December to May) and ensuing dry season (June to 3054 
November). Despite limitations of a variable nutrient supply, beef production provides a mode of 3055 
food production in a region where rainfall is insufficient to produce cereal grains. The northern 3056 
rangelands of Queensland, the Northern Territory and northern Western Australia provide nutrition 3057 
to over half of the national beef herd approximately 11 million cattle (ABS 2014). The digestion of 3058 
low quality fibrous plant material is enabled by enzymatic hydrolysis of β-glycosidic bonds 3059 
between the components of cellulosic plant cell wall by a complex consortium of micro-organisms 3060 
in the rumen (bacteria, archaea, fungi and protozoa). In rangeland areas microbial protein can 3061 
provide 100% of duodenal protein incorporated into liveweight gain (Poppi and McLennan 1995) 3062 
and despite recognition of genetic and environmental effects, diet composition, particularly 3063 
carbohydrate type is considered the major determinant of microbial ecological structure (Tajima et 3064 
al. 2001; Fernando et al. 2010; Belanche et al. 2012). Molecular techniques based on phylogenetic 3065 
similarity of the 16S rRNA gene have illuminated the community structure and the evolutionary 3066 
relationships of rumen microbiota (Tajima et al. 2001) and illustrated the breadth and depth of 3067 
uncultured rumen organisms (Krause et al. 1996; Kobayashi 2006). Key cellulolytic species of 3068 
ruminal bacteria are Fibrobacter succinogenes, Ruminococcus albus, and Ruminococcus 3069 
flavefaciens with contributions from Butyvibrio fibrosolvens and Clostridial spp. (Dehority 2003). 3070 
However, these comprise less than 5% of 16S rRNA sequences (Tajima et al. 2001; Koike and 3071 
Kobayashi 2001; Firkins and Yu 2007) and Prevotella spp. are dominant in the literature detailing 3072 
community structure of the rumen (Pitta et al. 2010, Li et al., 2012, Petri et al., 2013b). Despite 3073 
relatively small proportions, some authors maintain that F. succinogenes, Ruminococcus spp., and 3074 
B. fibrosolvens continue to be of central importance to fibre digestion (Tajima et al. 2001; Koike 3075 
and Kobayashi 2001). 3076 
Little molecular data is available concerning the effect of seasonal fluctuation in forage 3077 
quality on the microbial community structure in the rumen of rangeland cattle. Studies of rumen 3078 
microbial ecology are often focused on animals consuming a high plane of nutrition (Li et al. 2012, 3079 
Petri et al., 2013a) or focused on dietary change  from fibre to grain diets (Tajima et al., 2001; 3080 
Fernando et al., 2010; Brulc et al., 2009). However, distinct shifts in population occurs when cattle 3081 
are transitioned between harvested forages of varying quality (Pitta et al., 2010), between temperate 3082 
winter pasture to spring pasture in grazing dairy cattle (Jeyanathan et al. 2011) and in the arctic 3083 
ungulates; muskoxen (Orpin 1984) and Svalbard reindeer (Sundset et al., 2009; Pope et al. 2012). 3084 
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No study specifically focused on microbial ecology of Bos indicus cattle during the seasonal 3085 
transition in forage quality in the northern rangelands and few in any species have conducted 3086 
repeated measures on the same animals over time. Understanding the core microbial populations 3087 
and the impact of seasonal nutrient supply on abundance and diversity may provide new strategies 3088 
for managing nutrient supply in the northern rangelands. The objective of this study was to monitor 3089 
the changes in microbial community structure associated with the seasonal changes in forage 3090 
quality in a northern Australian extensive grazing setting. 3091 
 3092 
7.2 Materials and Methods  3093 
7.2.1 Animals and experimental design 3094 
Bos indicus X (Brahman x Santa Gertrudis x Senepol x Charolaise) heifers (n=70) were kept 3095 
in a 14 km2 paddock on Brunette Downs Station, Barkly Tableland, Northern Territory (18º 64´ S, 3096 
135º 94´ E)  for 12 months (April 2012 – March 2013) in a longitudinal design. Heifers were 3097 
managed in accordance with experimental guidelines approved by organisational Animal Ethics 3098 
Committee (UQ163-12 and A4/2010) and the Australian Code of Practice for the Care and Use of 3099 
Animals for Scientific Purposes (NHMRC 2013). A subsample of heifers (n=15) was randomly 3100 
selected in May 2012. Rumen fluid (RF) and faecal samples were collected from these heifers four 3101 
times in total; the end of the 2012 wet season (May), twice during the 2012 dry season (August, 3102 
November) and mid wet season 2013 (March). 3103 
7.2.2 Rumen fluid collection and handling 3104 
On sampling occasions, all heifers were mustered to yards, restrained in a crush, and ~ 600 3105 
mL RF collected via oesophageal tube. The pH in the RF was determined immediately with a 3106 
portable pH meter (AQUA, TPS, Brisbane, Australia) prior to dispensing 8 mL RF in 2 x 10 mL 3107 
tubes containing 2 mL of 20% metaphosphoric acid for analysis of ammonia (NH3) and volatile 3108 
fatty acids (VFAs). A plastic syringe fitted with an 18 G needle was used to dispense 25 mL of 3109 
remaining RF into a 100 mL serum bottle containing 25 mL of 50% glycerol based 3110 
cryopreservative. Any remaining RF was split between 2 x 50 mL falcon tubes for microbial 3111 
genomic DNA (gDNA) extraction. All samples were immediately put in ice water prior and frozen 3112 
at -20 ºC within 2 h of collection. Genomic DNA extraction was performed on the RF stored in 3113 
50% glycerol cryopreservative. A volume of 1.5 mL rumen fluid/ cryopreserve mixture was 3114 
extracted (3 mL syringe) from the bottle and dispensed into a 2 mL screw cap tube. Glycerol was 3115 
washed out of the sample by centrifugation for 5 min at 14,000 g, supernatant discarded and pellet 3116 
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re-suspended in 1 X Tris-ethylenediaminetetraacetate (TE) solution. This step was repeated so that 3117 
in total 1.5 mL RF without cryopreservative was used in downstream steps. Protocol for extraction 3118 
and purification of gDNA has been described previously (Chapter 6.2.3).  3119 
7.2.3 Bacterial pyrosequencing PCR 3120 
The 8F (5’-AGAGTTTGATCCTGGCTCAG-3’) forward primer of Vickerman et al. (2007) 3121 
and the reverse primer 515R (5’-AGAGTTTGATCCTGGCTCAG -3’) of Cho et al. (1996) were 3122 
used. Bacterial pyrosequencing 16S PCR was prepared in 96 well PCR plate in duplicate (n=40 3123 
[x2]). To each well was added 1 µl of barcoded linker primers, 47 µl mastermix (2x iproof HF 3124 
mastermix [Bio-Rad, #172-5310], 8F forward primer [10 uM], dH2O) and 2 µl of gDNA (5 ng/ul). 3125 
PCR was performed in a total volume of 50 µl. The PCR program consisted of a denaturation step 3126 
at 98 °C for 1 min; 25 cycles of denaturation at 98 °C for 10 sec, annealing at 55°C for 45 secs, 3127 
elongation at 72 °C for 45 secs and the final extension step at 72 °C for 7 mins. Once the cycles 3128 
were completed samples were held at 20 °C until stopped. PCR replicates were combined and the 3129 
products checked by on a 1% Tris-acetic-EDTA (TAE) gel with electrophoresis at 100v for 30 min. 3130 
All samples (100 ng of each) were then pooled in a 1.5 mL eppendorf tube and run on a large 3131 
combined well in 1% TAE gel at 100 V for 45 min. The target band was excised from the gel, 3132 
weighed and purified with QIAquick PCR Purification kit (Qiagen) followed by DNA product 3133 
quantification using the Quant-IT dsDNA  BR Assay kit (Invitrogen) and a Qubit 2.0 Flourometer. 3134 
The pooled amplicons were pyrosequenced using a 454 FLX Titanium (454 Life Sciences – a 3135 
Roche Company, Branford, CT) sequencer by Macrogen Inc. (South Korea). 3136 
7.2.4 Sequence analysis 3137 
Sequence raw data was returned in a standard flowgram file format and converted to fasta 3138 
and qual files in Quantitative Insights into Microbial Ecology (QIIME version 1.8.0; Caporaso et 3139 
al., 2010a). Data was demultiplexed using the hamming 8 bp barcode unique identifiers and 3140 
denoised in Acacia software (Bragg et al., 2012). Sequences with quality score less than 25, across a 3141 
sliding window of 50 bp were discarded and sequences 250 – 600 bp in length retained. Sequences 3142 
were clustered using UCLUST (Edgar 2010) into operational taxomonic units (OTUs) at 97% 3143 
sequence similarity. The most abundant sequence within an OTU cluster was retained as the 3144 
representative sequence. Representative sequences were aligned against the 16S rRNA Greengenes 3145 
core set (DeSantis et al., 2006; - http:// greengenes.lbl.gov/) using PyNAST (Caporaso et al., 2010b) 3146 
and taxonomically classified with the Ribosomal Database Project (RDP) classifier (Cole et al., 3147 
2009) from phylum to the genus identity, using Greengenes taxonomy (13/8) database. An OTU 3148 
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table was constructed; chimeras identified with Chimera Slayer (Hass et al., 2011) and removed 3149 
from the OTU table (as were singletons within sample and sequences that occurred in less than two 3150 
samples). Technical replicates were pooled. A phylogenetic tree and taxonomic summary were 3151 
constructed using QIIME built-in scripts including the fasttree method for tree construction. Alpha 3152 
diversity indices (Shannon-Weiner, number of observed species, phylogenetic distance) were 3153 
generated. Beta diversity indices (weighted and unweighted Unifrac) were calculated at an even 3154 
rarefaction depth (2244 OTUs) based on the minimum number observed in samples. Relative 3155 
abundance of the top 10 OTUs was analysed in a general linear model (GLM) in Minitab v16 with 3156 
month included as a fixed factor and animal as a random factor. Bonferroni post hoc comparisons 3157 
were conducted to compare means in months. ANOSIM test for similarity was conducted on the 3158 
weighted and unweighted Unifrac distance matrices. 3159 
7.2.5 Forage sample collection 3160 
The predominant pasture type was Mitchell (Astrebla spp.) tussock grassland, with 3161 
contributions from flinders grass (Iseiliema fragile), and couch grass (Elymus repens). Forage 3162 
samples were collected in April (pre-trial), May, August, November and March using a 0.5 m2 3163 
quadrat in transects up to 2 km from the water point. Additional forage samples were collected 3164 
based on observed grazing behaviour. Forage samples were shade dried on site in paper bags for 36 3165 
hours. Subsequently, forages were dried in a force draft oven at 55 °C for 24 hours and ground to 3166 
pass a 1 mm screen (Retsch). Acid detergent fibre (ADF) and neutral detergent fibre with alpha 3167 
amylase (aNDF) were determined by Ankom A200 Fibre Analyzer filter bag technique (Ankom 3168 
Technology Corp., Fairport, NY, USA; Van Soest et al., 1991). Sodium sulphite was not used. 3169 
Nitrogen (N) was measured by Kjeldahl method with block digestion and steam distillation (FOSS 3170 
Application Note 300 Rev 8.0). Crude protein (CP) was calculated as N x 6.25. Mineral content was 3171 
determined by digesting approximately 0.3 g of oven dried sample in a mixture of 6 mL nitric acid 3172 
and 2 mL perchloric acid made up to 20 mL with reverse osmosis (RO) water. Digested samples 3173 
were analysed using an inductively coupled plasma atomic emission spectrometer (Optima 7300 3174 
DV, Perkin Elmer; Wellesley, MA, USA). Apparent in vitro dry matter digestibility (DMD) was 3175 
determined by incubation with a set of known in vivo standards in a DAISY (Ankom Technology 3176 
Corp., Macedon, NY, USA) apparatus with subsequent pepsin digestion (Holden 1999). 3177 
7.2.6 Faecal Near Infrared Reflectance Spectroscopy (NIRS) 3178 
Individual faecal samples from the subset of 15 heifers were grab-sampled by hand directly 3179 
from the rectum while restrained in a crush at the same intervals as rumen fluid collections. Faecal 3180 
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samples were dried in a force draft oven at 55 ºC and ground to pass a 1 mm screen (Cyclotek). 3181 
Samples were analysed for faecal NIRS analysis (CSIRO Agriculture Flagship, Wembley WA 3182 
6913) according to protocols outlined by Coates (1998). 3183 
7.2.7 Volatile fatty acid and Ammonia analysis 3184 
VFAs were analysed with gas chromatograph (GC). Centrifuged samples were diluted 1:9 3185 
with 50/50 acetone/water prior to injection into a GC fitted with a ZB-FFAP 30m x 0.53 mm x 1.0 3186 
µm capillary column. High purity Helium was used as carrier gas at 5.0 mL/min at 67 kPa for 2 min 3187 
and ramped at 1.8 kPa /min to 81 kPa. The temperatures of the injection port and detector oven 3188 
were 180 ºC and 210 ºC respectively. The column oven was set at 85 ºC. The temperature program 3189 
was set for an initial temperature of 85 °C for 4 min then 15 °C to 200 °C. Ammonia-N (NH3-N) 3190 
was measured by distillation using a Buchi 321 distillation unit (Buchi; Labortechnik AG, Flawil, 3191 
Switzerland) with saturated sodium tetraborate (>260 g/L) to adjust the pH. The distillate was 3192 
titrated (Titralab 840; Radiometer Analytical SAS, Lyon, France) against HCl to calculate total 3193 
NH3-N content. 3194 
 3195 
7.3 Results 3196 
7.3.1 Rainfall  3197 
The average rainfall recorded for Brunette Downs Station over the duration of the study is 3198 
shown in Figure 7.2. Below average rainfall was recorded for the wet season of 2013 although 3199 
isolated showers improved feed quality at the study site (Table 7.1). Although 65 mL was recorded 3200 
overall in November 2012, only 32 mL had been recorded at the time of sampling (20th Nov 2012). 3201 
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 3202 
 3203 
Figure 7.1 The monthly average rainfall for Brunette Downs Station during the years 2012 and 2013 3204 
and average for the years 1957 – 2013 (Bureau of Meteorology, 2014) 3205 
 3206 
7.3.2 Forage composition 3207 
The chemical composition of the Mitchell grass in the experimental paddock was typical of 3208 
seasonal conditions in the northern rangelands (Table 7.1), with CP of ~10 % in the wet season and 3209 
< 5% in the dry season. By calculation, cellulose levels were similar between months (295 – 308 g/ 3210 
kg DM) while hemicellulose was 80 - 100g / kg DM, greater in May than in Aug and Nov. The 3211 
DMD ranged from 380 – 600 g/ kg DM between the dry season and March 2013. Minerals, Ca, P, 3212 
K, Mg, and S were present at greater concentrations in the wet season months compared with dry 3213 
season months. The in vitro DMD from the DAISY incubator, of the March sample was 37% higher 3214 
than the dry season months and 12% higher than in May. Heifers did not appear to lose LW over the 3215 
dry season, maintaining ~ 330 kg and gained 66 kg between November and the following wet 3216 
season (March). 3217 
 3218 
  3219 
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Table 7.1 Chemical compositionA (mean ± s.e) of the six forage samples for in vitro incubation (g /kg 3220 
DM) 3221 
Chemical constituent 
g kg -1 DM 
A. Pectinata 
 May Aug Nov Mar 
Organic matter 886 ± 0.1 881 ± 0.1 873 ± 0.1 846 ± 0.1 
Crude protein 57 ± 0.07 29 ± 0.03 39 ± 0.06 106 ±  0.11 
aNDF 743 ± 0.43 658 ± 0.27 637 ± 0.31 634 ± 0.37  
ADF 403 ± 0.13 414 ± 0.61 429 ± 0.01 351 ± 1.20 
ADL 107 ± 0.13 126 ± 0.58 130 ± 0.20 43 ± 2.75 
Cellulose 296  295 299 308 
Hemicellulose 340 244 208 283 
DMD  490 380 410 600 
Ca 6 2.5 2.2 6.1 
P 0.7 0.4 0.3 1.6 
Mg 1.5 0.8 0.8 1.7 
K 11.2 3.6 4.1 17.3 
Na 0.03 0.07 0.05 0.08 
S 3.4 1.9 1.9 4.7 
Zn 25 22.1 56.4 31.7 
A Organic matter = 100 - ash, crude protein = N X 6.25; aNDFom = neutral detergent fibre assayed with a heat stable 3222 
amylase and expressed inclusive of ash; ADF= acid detergent fibre expressed inclusive of ash; ADL = acid detergent 3223 
lignin; cellulose = (ADF – ADL); hemicellulose = (aNDF – ADF); DMD = dry matter digestibility 3224 
 3225 
7.3.3 Faecal NIRS 3226 
Faecal NIRS is intended as a decision making aid for graziers and relies on calibration 3227 
equations developed between the cattle diet (plus associated parameters) and the spectral data. In 3228 
this study, the size of the research site was too large to allow a realistic measurement of diet quality 3229 
by wet chemistry alone, due to preferential selection in the cattle. Faecal NIRS predictions provided 3230 
additional resolution on diet assumptions. Faecal NIRS predictions of dietary protein supported wet 3231 
chemistry data (Table 7.1), with the exception of May which had 50% greater CP predicted 3232 
compared with wet chemistry. This is explained by 20% higher non-grass (C3%) proportion in May 3233 
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than the other three months (Table 7.2). Predicted in vivo DMD and OMD values were 3234 
overestimated compared with in vitro DAISY analysis of the forage, as were DDMI and DMI 3235 
values.  3236 
 3237 
Table 7.2 Faecal near infrared-reflectance spectroscopy (NIRS) predictions (mean ± s.e) of dietary 3238 
variables, dry matter intake and average daily gain for heifers grazing predominantly Mitchell grass 3239 
pasture between May 2012 and March 2013. 3240 
Predicted 
variable 
May Aug Nov Mar 
Diet CPA% 12.3 ± 0.1 4.4 ± 0.1 3.9 ± 0.1 11.0 ± 0.1 
Faecal N% 1.8 ± 0.0 1.1 ± 0.1 0.9 ± 0.0 2.1 ± 0.0 
In vivo DMD 62.0 ± 0.1 60.0 ± 0.1 59.0 ± 0.1 61.0 ± 0.1 
In vivo OMD 62.7 ± 0.1 61.5 ± 0.1 59.2 ± 0.1 63.5 ± 0.1 
% C3 24.7 ± 0.1 17.9 ± 0.1 16.4 ± 0.1 16.0 ± 0.1 
Faecal ash% 18.5 ± 0.1 19.3 ± 0.1 26.5 ± 0.1 26.4 ± 0.1 
DDMI g/kg 
LW/d 13.2 ± 0.1 12.4 ± 0.1 12.5 ± 0.1 18.0 ± 0.1 
DMI g/kg LW/d 21.2 ± 0.1 22.1 ± 0.1 25.1 ± 0.1 26.0 ± 0.1 
ADG g/day 1210 ± 0.7 110 ± 0.5 214 ± 0.7 798 ± 0.5 
ACP prediction = predicted N x 6.25 3241 
7.3.4 Rumen biochemical characteristics 3242 
Rumen pH remained between 6.9 and 7.0 at all sampling times. Rumen ammonia 3243 
concentrations were 5 fold greater in March and 3 fold greater in May than in either of the dry 3244 
season months (Table 7.3). Total VFAs were 40% greater in May compared with dry season months 3245 
and 30% greater than total VFA in March (Table 7.3). Increased concentrations of branched chain 3246 
fatty acids were observed in May and March compared with August and November. Erratic 3247 
concentrations of butyrate were observed with the lowest proportion in August (1.9 %) and the 3248 
highest proportion in May (9.7%). The proportions of propionate and the A: P ratio did not change 3249 
between months. 3250 
 3251 
3252 
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Table 7.3 Rumen biochemical characteristics in rumen fluid (RF) samples collected from Bos Indicus 3253 
heifers grazing predominantly Mitchell grass between May 2012 and March 2013 3254 
Rumen Fluid May Aug Nov Mar 
pH 7.1±0.1 6.9±0.1 7.0±0.1 7.1±0.1 
NH-3 (mg/L) 70.2 ±3.9a* 16.2 ±1.3b 26.8 ±2.3b 110.0 ±5.2c 
Total VFA 
(mmol/L) 89.2 ±4.4a 56.8 ±2.2b 53.6 ±2.0b 62.5 ±3.8b 
Acetic (%) 73.6 ±0.3a 82.1 ±0.1b 76.6 ±0.3c 76.8 ±0.4c 
Propionic (%) 14.1 ±0.2 14.7 ±0.1 14.9 ±0.4 15.0 ±0.2 
Butyric (%) 9.7 ±0.3a 1.9 ±0.0b 7.5 ±0.2c 4.9 ±0.2d 
Iso-butyric (%) 0.9 ±0.0a 0.5 ±0.0b 0.5 ±0.0b 1.1 ±0.0c 
Iso-valeric (%) 0.5 ±0.0a 0.3 ±0.0b 0.1 ±0.0b 2.0 ±0.1c 
Valeric (%) 1.3 ±0.1a 0.5 ±0.0b 0.4 ±0.0bc 0.2 ±0.0bc 
A:P 5.2 ±0.1 5.6 ±0.1 5.2 ±0.2 5.2 ±0.1 
a, b, c, d Means with different letters within the same row are different (P<0.05) 3255 
 3256 
7.3.5 Bacterial diversity 3257 
A total of 986, 345 (mean 6,975 sequences per sample) partial 16S rRNA sequences were 3258 
entered into the QIIME pipeline after denoising in Acacia. The sequences that passed quality 3259 
filtering had a mean read length of 497 bp, with a minimum of 250 and a maximum of 595 bp 3260 
respectively.  After clustering OTUs at 97% sequence similarity, and subsequent removal of 3261 
chimeras, singletons and unassigned sequences the mean OTU (± s.e) counts were 6056 ± 1057, 3262 
6697 ± 862, 9977 ± 2454 and 6642 ± 409 for the months of May, Aug, Nov and Mar. The minimum 3263 
and maximum OTU numbers per sample were 2208 and 16,183 respectively. Rarefaction curves 3264 
were generated on all sequences using phylogenetic distance, Shannon and observed species as 3265 
indices. Observed species did not appear to reach a plateau (Figure 7.2) suggesting that if further 3266 
sequences were included more OTUs classified to the species level would be observed. However, 3267 
based on the plateau in rarefaction of phylogenetic distance (Figure 7.2) after 3000 sequences, it is 3268 
unlikely that additional OTUs would have added diversity. Additional alpha diversity comparisons 3269 
were made at a normalised rarefaction depth of 2208 sequences which was the minimum common 3270 
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sequence number amongst samples. These values were used in a GLM to compare diversity 3271 
between months (Table 7.4). 3272 
 3273 
3274 
 3275 
Figure 7.2 Rarefaction curves of phylogenetic distance (top) and observed species (bottom) based on 3276 
OTUs from heifers grazing tropical C4 Mitchell grass between May 2012 and March 2013. 3277 
3278 
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Table 7.4 Measures (mean ± s.d) of alpha diversity (phylogenetic distance (PD) and Shannon index) in 3279 
rumen fluid taken from grazing heifers (n=10 per month) between May 2012 and March 2013 at a 3280 
normalised rarefaction depth of 2208 sequences per sample. 3281 
  May Aug Nov Mar P-value 
PD_whole tree 56 ±3.2 60 ±1.7 63 ±1.7 59 ±1.5 0.17 
Observed_species 623 ±51 639 ±24 648 ±34 633 ±20 0.96 
Shannon 8.4 ±0.1 8.5 ±0.1 8.1 ±0.1 8.1 ±0.1 0.13 
a, b, c, d Means with different letters within the same row are different (P<0.05) 3282 
βeta diversity 3283 
Unweighted unifrac focuses on the presence or absence of OTUs within a sample. Weighted 3284 
unifrac additionally considers the relative abundance of OTUs within a sample, and in this case 3285 
determined that OTUs clustered according to month of collection and months appeared to cluster 3286 
according to season (Figure 7.4) on the first component axis. A two dimensional principal 3287 
coordinate analysis (PCoA) visualisation of OTU clusters for both weighted and unweighted unifrac 3288 
distance matrices are shown (Figure 7.2 and Figure 7.3 respectively). The majority of the variation 3289 
was explained by the first component axis, which was 32% in the weighted and 12% in the 3290 
unweighted unifrac distance matrices. A significant effect (P=0.001) of month of collection on both 3291 
weighted and unweighted distance matrices was revealed by the ANOSIM. 3292 
 3293 
  3294 
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 3295 
 3296 
Figure 7.3 Two dimensional visualisation of principal co-ordinate analysis of seasonal change in 3297 
pasture nutritive value on rumen microbiomes based on 97% similarity weighted unifrac distance 3298 
matrices (orange = May, blue = March, green = August, red = November). 3299 
 3300 
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 3308 
Figure 7.4 Two dimensional visualisation of principal co-ordinate analysis of seasonal change in rumen 3309 
microbiomes based on 97% similarity unweighted unifrac distance matrices (orange = May, blue = 3310 
March, green = August, red = November). 3311 
 3312 
7.3.6 Relative abundance 3313 
OTUs belonging to 20 phyla were detected, with 10 of these present at relative abundance 3314 
greater than 1%, however, the top 9 most abundant OTUs were all representatives of the two phyla; 3315 
Firmicutes and Bacteroidetes, which together comprised 78, 77, 76 and 85% of all OTUs in May, 3316 
Aug, Nov and March respectively. The tenth most abundant OTU at the genus taxonomic level was 3317 
Fibrobacter. The ratio of Bacteroidetes to Firmicutes (B: F) was 2.1, 1.4, 0.8 and 1.0 over the same 3318 
period. The relative abundance of the major phyla (>1%) is shown in Figure 7.5 and these phyla 3319 
were also observed in every animal at every sampling time (40 total observations). 3320 
March 
(Wet)
May 
(Wet)
November
(Dry)
August 
(Dry)
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 3321 
Figure 7.5 Relative abundance of the major bacterial phyla (>1% abundance) present in the rumen of 3322 
grazing heifers separated by month May 2012 to March 2013 as revealed by pyrosequencing of the 16S 3323 
rRNA gene 3324 
 3325 
In total, 129 genera were observed. The dominant genus within Bacteroidetes (and overall) 3326 
was Prevotella (22 % mean relative abundance) and the highest abundance of Prevotella in May 3327 
contributed to the high B: F ratio in May, and the family Ruminococcaceae within the phylum 3328 
Firmicutes, comprised 38% within the phylum and 7% of mean relative abundance. Prevotella was 3329 
the most abundant genera with a maximum of 43%. GLM of the abundance data indicated that 3330 
Prevotella assigned OTUs were greatest (P<0.001) in May (34%) compared with all other months 3331 
(Aug 19%; Nov 12% and Mar 20%) and Ruminoccocaceae were greater (P<0.001) in March (10%) 3332 
and November (8%) compared with other months (May 5%, Aug 6%).   3333 
Apart from Prevotella, the most abundant genera were Fibrobacter (2.2 %), 3334 
Succiniclasticum (3.5 %), Ruminococcus (2 %), and Treponema (1.9 %) and there were 33 genera 3335 
with abundance greater than 1%. Several studies propose that shared genera between animals under 3336 
the same conditions compose a core microbiome (Pitta et al. 2010, Petri et al. 2013b). The present 3337 
dataset revealed that 14 phyla were common to all cattle. Fibrobacter only has one species in the 3338 
rumen, Fibrobacter succinogenes which is known to be cellulolytic, CO2 utilising and non H2 3339 
producing Gram negative bacterium.  3340 
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7.3.7 BLAST 3341 
The OTU with the highest frequency was of the order Clostridiales but unidentified at the 3342 
family or genus level. Megablast search against the NCBI database identified 100% homology with 3343 
uncultured bacterium clones extracted from the yak rumen. A BLASTn optimised for less similar 3344 
sequences found an 89% match with the complete genome of Clostridium clariflavum DSM 19732, 3345 
a thermophilic, cellulose digester found in anaerobic sludge. If type material ‘rumen fluid’ was 3346 
included in the search an 85% match was found to the partial 16S rRNA gene of Oscillibacter 3347 
ruminantium strain GH1, a readily fermentable carbohydrate utilising, butyrate producing, 3348 
bacterium isolated from the rumen of Korean cattle consuming a 88% concentrate diet with the 3349 
remainder being rice straw. 3350 
An OTU assigned to Ruminococcus had the second highest frequency. This OTU also had a 3351 
100% homology to an uncultured bacterium harvested from Yak rumen. In the top 100 most 3352 
abundant OTUs there were 23 OTUs matching the genus Prevotella but unidentified at the species 3353 
level. BLAST searches against the NCBI 16S rRNA database found that sequence homology 3354 
between 87 and 92% was observed to 16S sequences of P. ruminocola, P. brevis and P. bryantii 3355 
(Table 7.5). 3356 
3357 
 175 
 
Table 7.5 Sequences aligned with the Prevotella genus in the top 100 most abundant OTUs BLASTed 3358 
against the NCBI database and nearest taxonomic relative assigned 3359 
Phylotype OTU Nearest Taxa Accession No. 
(nearest Taxa) 
Identity (%) 
denovo18116 
Prevotella ruminicola strain 
ATCC 19189 
NR 044632.1 92 
denovo21644 Prevotella brevis GA33 NR 041954.1 90 
denovo22300 
Prevotella ruminicola strain 
ATCC 19189 
NR 044632.1 90 
denovo24541 
Prevotella ruminicola strain 
Bryant 23 
NR 102887.1 92 
denovo30035 Prevotella brevis GA33 NR 041954.1 90 
denovo41237 Prevotella bryantii strain B14 NR 028866.1 87 
denovo49955 Prevotella brevis GA33 NR 041954.1 89 
denovo50951 Prevotella bryantii strain B14 NR 028866.1 88 
denovo51249 Prevotella bryantii strain B14 NR 028866.1 87 
denovo60204 Prevotella brevis GA33 NR 041954.1 89 
denovo64223 Prevotella brevis GA33 NR 041954.1 88 
denovo67672 Prevotella brevis GA33 NR 041954.1 90 
denovo70128 Prevotella brevis GA33 NR 041954.1 89 
denovo70210 Prevotella brevis GA33 NR 041954.1 89 
denovo72675 Prevotella bryantii strain B14 NR 028866.1 89 
denovo74495 Prevotella brevis GA33 NR 041954.1 90 
denovo80129 Prevotella brevis GA33 NR 041954.1 89 
denovo83922 Prevotella bryantii strain B14 NR 028866.1 89 
denovo88701 Prevotella brevis GA33 NR 041954.1 88 
denovo92432 Prevotella brevis GA33 NR 041954.1 90 
denovo92679 Prevotella brevis GA33 NR 041954.1 90 
denovo93991 Prevotella brevis GA33 NR 041954.1 90 
denovo94947 Prevotella brevis GA33 NR 041954.1 89 
 3360 
 3361 
3362 
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7.4 Discussion. 3363 
 This study presents novel microbial data for cattle grazing tropical grasses reflecting 3364 
seasonal changes in rangeland pastures. Despite the inherent limitations of utilising a snapshot 3365 
sampling regime, the experiment yielded some useful data concerning the rumen microbiome of 3366 
cattle in the northern rangelands that has not previously been quantified.  3367 
7.4.1 The effect of seasonal transition in forage quality on bacterial diversity 3368 
In general the diversity measures were similar between seasons. All alpha diversity 3369 
measures produced rarefaction curves that reached plateau indicating sufficient coverage was 3370 
reached. Subsequent rarefaction at an even depth for all samples revealed no differences in indices 3371 
of OTU richness between months. Shannon indices, a measure of richness and evenness were not 3372 
different between samples and higher (~8.3) than published literature for a beef cattle consuming 3373 
winter wheat or Bermuda grass (Pitta et al. 2010) and markedly higher than for dairy cattle on a 3374 
partial forage diet (Petri et al 2013b). Alpha diversity is a ‘within community’ measure of diversity 3375 
reliant on richness and evenness ecological parameters. Heifers in this study were grazing the same 3376 
pasture over time and although the pasture fluctuated in CP, DMD and fibre constituents it is 3377 
possible that the differences were not distinct enough to change overall richness or evenness of 3378 
bacterial species resident in the rumen. 3379 
However, beta diversity measures which are more sensitive to ‘between community’ 3380 
differences and the relative abundance of bacteria within a community, such as weighted Unifrac, 3381 
firstly, showed clear clustering by month of sampling. Secondly, while all four sampling points 3382 
cluster distinctly, the wet season populations (May, March) show a demarcation from the dry season 3383 
populations (August, November) indicating that seasonal dietary change influenced the structure of 3384 
the microbial population. Pitta et al. (2010) showed that microbial community structure is affected 3385 
by dietary changes in forage quality in steers transitioning from C3 winter wheat to C4 Bermuda 3386 
grass. The current study is the first to show similar changes in microbial community structure in 3387 
animals consuming predominantly C4 grass over time, certainly in the Australian rangelands.  3388 
7.4.2 The effect of seasonal transition in forage quality on relative abundance of bacteria 3389 
7.4.2.1 Predominant phyla and key genera 3390 
At the phylum level, Firmicutes and Bacteroidetes were dominant at all times and the B: F 3391 
ratio altered according to season similar to that reported by others for changing diet quality 3392 
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(Fernando et al., 2010; Li et al., 2012). The other major phyla found here are present in a wide 3393 
variety of rumen studies and have been proposed part of core microbiome (Jami et al. 2014). 3394 
The Bacteroidetes to Firmicutes (B: F) ratio has been linked to energy metabolism (Ley et 3395 
al. 2006) and a decrease in the B: F ratio is associated with an improved energy harvesting from 3396 
food in humans (Ley et al. 2010). Firmicutes increased at the expense of Bacteroidetes in the dry 3397 
season, potentially related to the shift in metabolic strategy to optimise energy harvesting from 3398 
available nutrients during a time of low nutrient availability and negative energy balance. The major 3399 
influence in shifting B: F ratio is the genus Prevotella which appeared to be decreased during the 3400 
dry season. Interestingly, faecal NIRS predictions for the late wet season indicate that heifers were 3401 
selecting a higher proportion of C3 photosynthesising plants in May. In the NT these are likely 3402 
tropical legumes, forbes and browse which would have provided an array of suitable carbohydrate 3403 
polymers in the leaves to favour growth of Prevotella. The decline in proportion of Prevotella 3404 
sequences throughout these months was the driving influence for reduced B: F ratio during the dry 3405 
months. 3406 
Prevotella ruminicola expresses more carbohydrate active enzymes (CAZy) of the glycosyl 3407 
hydrolase and polysaccharide lysases than the majority of other gut bacteria either within or outside 3408 
the Bacteroidetes phylum (Thomas et al. 2011). In the literature, Prevotella account for up to 60% 3409 
of 16S rRNA sequences in the rumen but only 2 – 4% have a match at 97% similarity with known 3410 
rumen Prevotella species, P. ruminocola, P. bryantii and P. brevis (Stephenson and Weimer 2007). 3411 
In this study, only one OTU in the top 100 OTUs had 97% sequence homology with P. ruminocola. 3412 
There were 22 additional OTUs grouping at the genus level with Prevotella and uncharacterised at 3413 
the species level, with maximum homology of 92% to a cultured species. Known rumen Prevotella 3414 
spp. have proteolytic and amylolytic capabilities, and degrade plant cell wall polysaccharides such 3415 
as xylan and hemicellulose as well as constituent monosaccharides pentose and arabinose. The 3416 
proportions of Prevotella reported here are similar to those reported for cattle grazing Bermuda 3417 
grass and winter wheat (Pitta et al. 2010) which is the only other study to focus on solely forage 3418 
quality changes in microbial stratification. The decline in relative abundance of Prevotella from 3419 
34% in the late wet season (May) to a nadir of 13% in the late dry season (Nov) accompanies the 3420 
increase in structural carbohydrates/ fibre and decrease in readily fermentable carbohydrates and 3421 
protein, consistent with dry season C4 grasses. Prevotella spp. produce a range of products 3422 
including acetate and propionate. There were minimal changes in these VFAs but most forage based 3423 
diets have a similar VFA profile. 3424 
  3425 
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7.4.2.2 Firmicutes - Ruminococcus 3426 
The dominant Firmicute genus was Ruminococcus. Within this genus R. flavefaciens and R. 3427 
albus have long been deemed central to cellulose digestion in the rumen (Hungate 1966, Dehority 3428 
2003). They possess "cellulosomes," which are complex surface structures anchored to the bacterial 3429 
cell wall and consist of a scaffold to which attach several different carbohydrate binding modules 3430 
possessing cellulase and hemicellulase activities (Bayer et al. 2008). R. albus and R. flavefaciens are 3431 
increased in low quality grass hay compared with alfalfa hay and in the present study are increased 3432 
in the dry season months and in March compared with May.  3433 
7.4.2.3 Fibrobacter 3434 
The lack of a definite significant seasonal effect on proportions of Fibrobacter is interesting 3435 
as F. succinogenes has a specific requirement for branched chain VFAs that are derived from amino 3436 
acids for population growth.  A decline could be explained by the low NH3-N (33 mg/L) and 3437 
branched fatty acids measured in November, but a similar decline would have been expected in 3438 
August (NH3-N; 27 mg/L) which was not the case although potentially, a transition period was 3439 
evident. Similarly the abundance remains low in March. In the latter case, the increased availability 3440 
of readily fermentable carbohydrates and soluble fibres could predilect for alternate fibrolytic 3441 
species or once Fibrobacter had diminished in the microbiota it may have difficulty regaining 3442 
traction in the community.  3443 
7.4.3 Faecal NIRS predictions, forage wet chemistry and rumen biochemical characteristics 3444 
Faecal NIRS data presents a familiar story of N deprivation during the dry season, with 3445 
August and November faecal samples indicating predicted dietary CP of less than 5%. This is 3446 
supported by the forage analysis on the Mitchell grass and reflected in rumen NH3-N levels lower 3447 
than the 50 mg/L which is considered to be required for efficient microbial protein synthesis (Satter 3448 
and Slyter, 1974). Values in this range are reported for dry season forages in both tropical (Playne 3449 
and Kennedy 1976; Kennedy et al., 2012) and temperate regions (McCollum and Galyean 1985). 3450 
Despite apparent N limitations the heifers maintained weight during the dry period and reasonable 3451 
growth occurred between November 2012 and March 2013 (~66 kg).  3452 
According to the faecal NIRS analysis, the greatest proportion of non-grass in the diet was 3453 
observed in May (24%) and interestingly at this point faecal NIRS estimated CP was most divergent 3454 
from Mitchell grass CP. This supports the assumption that non-grass comprised a greater portion of 3455 
intake in late wet season conditions. These data corresponds to literature that indicates foraging for 3456 
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browse, shrub and trees as well as pasture legumes allows cattle to selectively improve their nutrient 3457 
intake and is supported by the relatively similar levels of non-grass (17 – 19%) in the diet during the 3458 
three subsequent months. Coates (1996) observed the greatest preference for grass in late wet 3459 
season and the late dry season. Although, Coates and Dixon (2007) measured greater levels of non-3460 
grass intake during the entire wet season across a number of different north Queensland rangeland 3461 
sites and noted that cattle in Mitchell grass areas exhibited a greater preference for non-grass than 3462 
those on other sites. In this latter case non-grass comprised 30 – 70 % of the diet which was higher 3463 
than the highest measured values in the current study (24 %). The present data, supports the 3464 
literature, an increase in non-grass was observed in the late wet season (May). For Mitchell grass 3465 
sites on the treeless plains of the Barkly non-grass is primarily forbes due to the absence of browse 3466 
(Coates and Dixon 2007). The present site fits well within that description; although a complete 3467 
pasture composition was not conducted there was only one small clump of trees. A possible 3468 
alternate hypothesis is that when heifers initially entered the paddock in April the absence of 3469 
grazing animals prior to this date had allowed a greater proportion of shrubs and browse to develop 3470 
which was then preferentially grazed out by the study cattle. 3471 
Total VFA were greatest in May (P<0.01) with no differences between months in the 3472 
proportions of individual acids or in the C2+C4:C3 ratio. Butyrate did not follow usual patterns 3473 
observed in the literature. High dry season butyrate values are observed in rangeland beef cattle 3474 
grazing dry season winter forage in Australia, California and Mexico (Playne and Kennedy 1976; 3475 
McCollum and Galyean 1985; Murillo-Ortiz et al. 2013). Butyrate plays an important role in 3476 
maintaining the epithelial lining of the rumen and intestine, and is a precursor for ketones which are 3477 
key energy substrates during periods of negative energy balance. Reduced intake is a feature of low 3478 
quality forage consumption during the dry season months but heifers appeared to maintain weight. 3479 
Butyrate production is increased in defaunated animals (Chamberlain et al., 1983; Bird and Leng 3480 
1978) and although protozoal populations were not measured in the current study it is known that 3481 
protozoa populations are low  in the dry season in zebu cattle (Bonhomme-Florentin et al. 1978), 3482 
sheep (Hobson et al., 1976; Martinele et al., 2010) and white tailed deer (Pearson 1965). This 3483 
presents a potential source of increased butyrate production in November. Recent phylogenetic 3484 
analysis of 16S shows that high fibre diets, as in this study encourage Butyvibrio and 3485 
Pseudobutyvibrio in the rumen while high energy concentrate diets suppress these species (Mrazek 3486 
et al., 2006). 3487 
Proportions of the branched chain iso-acids increased (P<0.05) in March reflecting an 3488 
improvement in the CP value of the forage; iso-butyrate, iso-valerate and valeric being products of 3489 
the branched chain amino acids leucine, iso-leucine and valine respectively. Megaspheara elsdenii, 3490 
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a major producer of I-valerate and involved in the conversion of acetate to butyrate was not 3491 
identified at the genus level.  3492 
 3493 
7.5 Conclusions 3494 
This is the first data describing repeated measures of microbial community dynamics in 3495 
unsupplemented grazing cattle in the Australian rangelands. The dominance of Prevotella spp. is 3496 
confirmed and seasonal effects on populations were observed in tandem with changes in seasonal 3497 
forage quality.   3498 
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8.0 The commercial setting II: The 3499 
methanogenic archaea diversity and 3500 
abundance between two wet seasons in Bos 3501 
indicus composite heifers in the Barkly 3502 
Tableland. 3503 
  3504 
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8.1 Introduction  3505 
In Chapter 7, the seasonal effect of forage quality was discussed in relation to rumen 3506 
biochemical characteristics and bacterial populations (determined using 454 FLX Roche Titanium 3507 
pyrosequencing). The 454 Archaeal sequences for this dataset had an overabundance of adaptor 3508 
sequences and samples were re-extracted and re-sequenced ‘using the Illumina Miseq platform. 3509 
Seasonal forage composition has an effect on methanogenic communities in cows grazing temperate 3510 
pastures (Jeyanathan et al. 2011) and Chapter 6 described distinct microbial communities in cattle 3511 
fed C4 grasses differing in quality. This experiment aimed to quantify bacterial and archaeal 3512 
populations in a commercial northern beef property under rangeland grazing conditions. 3513 
 3514 
8.2 Materials and Methods  3515 
8.2.1 Animals and Experimental Design 3516 
Animal husbandry and sample collection are described previously (Chapter 7.2).  3517 
8.2.2 PCR and sequencing of the prokaryotic 16S rRNA gene 3518 
To characterise the rumen archaeal populations from 10 heifers grazing predominantly 3519 
Mitchell grass pasture at Brunette Downs Station on the Barkly Tablelands, gDNA (10 ng/ul) was 3520 
extracted and purified (Chapter 7.2.2) and prepared with Nextera dual indexed amplicon libraries 3521 
for amplicon sequencing using the Illumina MiSeq platform (Ramaciotti Centre for Genomics, 3522 
NSW, Australia). The V3/V5 regions of the 16S rRNA gene were amplified using the archaeal 3523 
primer pair 340f and 915r (Table 6.1). Amplicons were assessed on a 2% agarose gel prior to high 3524 
throughput sequencing with the Illumina MiSeq reporter instrument, according to the Illumina 16S 3525 
Metagenomics default workflow. The reads were paired end 2 x 300 bp with a final library size of 3526 
630 bp including adaptors, primers and dual index Nextera XT index kits. There was an intended 3527 
overlap region of 100 bp.  3528 
8.2.3 Sequence analysis 3529 
Preparation in QIIME v1.9.1 of Illumina sequence data received from the Ramaciotti (Sydney, 3530 
NSW) sequencing centre was identical to the methods described previously (Chapter 6.2.4). 3531 
  3532 
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8.2.3 Statistical analysis 3533 
Alpha diversity measurements (phylogenetic distance, Shannon and observed species) and 3534 
relative abundance of methanogenic genera were analysed with the general linear model (GLM) in 3535 
Minitab (v17) with month and animal included as fixed and random factors respectively. Tukey’s 3536 
post hoc comparisons were made between means. Results were considered significant at the P<0.05 3537 
with a trend to significance at 0.05<P<0.1. Beta diversity distance matrices from unweighted and 3538 
weighted Unifrac analysis were used to conduct an analysis of similarity (ANOSIM) test in QIIME.  3539 
 3540 
8.3 Results 3541 
The average number of partial archaeal 16S rRNA sequences after clustering at the 97 % 3542 
sequence similarity and removal of chimeras was 53,385 ± 15,061, 44,272 ± 14,398, 73,126 ± 3543 
18,609 and 57,796 ± 14,703 for the months of May, Aug, Nov and March. The minimum number of 3544 
sequences per sample was 23, 266 and the maximum was 86, 671. The average number of unique 3545 
OTUs per month was 26, 26, 28 and 25 respectively, with a minimum of 19 and a maximum of 33. 3546 
8.3.1 Diversity 3547 
Rarefaction curves of observed species reached plateau after approximately 3,000 sequences 3548 
indicating that sufficient coverage of the community had been achieved (Figure 8.1). 3549 
  3550 
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 3551 
 3552 
Figure 8.1 Rarefaction measures observed species (OTU) against sequence per sample in Bos indicus 3553 
grazing heifers between May 2012 and March 2013 3554 
 3555 
 3556 
Alpha diversity measured both richness indices (observed species) remained relatively constant 3557 
throughout the sampling period (Table 8.1).  There was an effect of month of sampling on the 3558 
Shannon index (P<0.001) but not on the other biodiversity measure (phylogenetic distance; Table 3559 
8.1). 3560 
 3561 
Table 8.1 Measures of alpha diversity (phylogenetic distance (PD), observed species and Shannon 3562 
index) in samples taken from grazing heifers between May 2012 and March 2013 3563 
  May Aug Nov Mar P-value 
PD_whole tree 2.2 2.3 2.4 2.2 n.s 
Observed_species 25 25.2 24.8 23.3 n.s 
Shannon 1.6a 1.3b 1.2b 1.7a <0.001 
n.s = not significant 3564 
a, b, c, d Means with different letters within the same row are different (P<0.05) 3565 
 3566 
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Three dimensional visualisation of beta diversity analysis by principal co-ordinates analysis 3567 
(PCoA) plots indicated that weighted unifrac, which takes into account the relative abundance of 3568 
OTUs showed overlap between dietary treatment groups but it also appeared that archaeal 3569 
communities clustered by month of sampling (Figure 8.2). Two dimensional versions of PCoA 3570 
allowed further visualisation of separation. The ANOSIM test confirmed a significant effect of 3571 
month on weighted unifrac distance co-ordinates (P = 0.001) and on unweighted unifrac values 3572 
(P=0.002). 3573 
 3574 
 3575 
Figure 8.2 Result of weighted unifrac principal co-ordinates analysis in microbiome of heifers grazing 3576 
Astrebla spp. pasture between May 2012 and March 2013 as determined by sequencing the 16S rRNA 3577 
gene and aligning against the Greengenes reference sequences. Communities clustered by month of 3578 
sampling explaining 78.8% of variation on one axis. 3579 
 3580 
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 3581 
Figure 8.3 Weighted unifrac principal co-ordinate analysis for microbial communities in heifers 3582 
grazing Mitchell grass pasture between May 2012 and March 2013, determined by sequencing the 16S 3583 
rRNA gene and aligning against the Greengenes reference sequences. Communities clustered by 3584 
month of sampling explaining 78.8% of variation on one axis. 3585 
  3586 
Dry season             
(August/ November)
Wet Season 
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Figure 8.4 Unweighted unifrac principal co-ordinate analysis for ecological distance in microbiome in 3587 
heifers grazing Mitchell grass pasture between May 2012 and March 2013 as determined by 3588 
sequencing the 16S rRNA gene and aligning against the Greengenes reference sequences. 3589 
  3590 
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8.3.2 Relative Abundance  3591 
All rumen archaea were comprised of members of the phyla Euryarchaeota (99.9%) and 3592 
Crenarchaeota (0.1). Candidatus nitrosphaera was the dominant genera in Crenarcheaota and 3593 
while these represented a low abundance OTU they were present in 25 out of 40 samples. The three 3594 
classes of Euryarchaeota; Thermoplasmata, Methanobacteria and Methanomicrobiales each 3595 
contained, six orders, of which only three, E2, Methanobacteriales and Methanomicrobiales were 3596 
present at relative abundance greater than 1%. Four dominant genera were apparent (Figure 8.5), 3597 
including Methanobrevibacter (45 – 69% relative abundance), one uncultured Thermoplasmata 3598 
affiliated genera (24 – 35 % relative abundance) assigned similarity to a clone cultured from an 3599 
anaerobic digester named vadinCA11, Methanosphaera (2 – 4 %) and the fourth (4 – 12 %) was not 3600 
classified by QIIME at the genus level but a BLASTn search with the representative sequence 3601 
indicated a 95% sequence similarity to Methanosphaera stadtmanae. The remaining identified 3602 
genera at less than 1% relative abundance included Methanosarcina (M. mazei associated sequences 3603 
were observed in only two animals), Methanimicrococcus Methanoplanus, Methanocella and 3604 
Methanobacterium. 3605 
 3606 
 3607 
Figure 8.5 The relative abundance of the top four genera of methanogens determined by archaeal 16S 3608 
rRNA amplicon sequencing from the rumen of free grazing Bos indicus heifers between May 2012 and 3609 
March 2013. 3610 
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 3611 
The GLM confirmed that a significant (P<0.001) effect of month was observed on all four 3612 
dominant genera of methanogens. Eight OTUs (#152715, 565730, 152450, 103975, 152466, 44971, 3613 
151893, and 50770) had a Bonferroni post hoc P<0.05 in the group significance test, indicating that 3614 
these populations fluctuated between months.  3615 
A BLASTn search on the most common 10 OTU sequences from the representative set revealed 3616 
a 99% identity match between the dominant OTU present (OTU# 152540), accounting for up to 3617 
45,000 occurrences per sample (Table 8.2) and Methanobrevibacter millerae strain ZA-10. The 3618 
second most abundant OTU (#104130) was a 99% identity match to Methanobrevibacter olleyae 3619 
strain KM1H5-1P. The third and fourth most abundant OTUs (#842598, #154146) also clustered 3620 
with Methanobrevibacter thaueri strain CW and Methanomassiliicoccus luminyensis strain B10 3621 
respectively. Two other OTUs in the top ten (#152801 and #44971) also bore an 85% similarity to 3622 
Methanomassiliicoccus luminyensis strain B10. Only one OTU (#151893) clustered with 3623 
Methanobrevibacter ruminantium and only at 95% identity similarity. The tenth OTU was a 96% 3624 
match to Methanosphaera stadtmanae. These data are summarized in Table 8.2.  3625 
3626 
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Table 8.2 The closest species assignments according to BLASTn sequence search of the NCBI sequence 3627 
repository for the top ten most abundant 16S rRNA archaeal OTUs sequenced from heifers grazing 3628 
tropical grassland between May 2012 and March 2013. 3629 
OTU# Closest species match in the 
NCBI database 
Identity 
match (%) 
Query 
cover (%) 
Reference # 
of match  
152540 M. millerae strain ZA-10  99 100 NR 042785.1 
104130 M. olleyae strain KM1H5-1P 98 100 NR 043024.1 
842598 M. thaueri strain CW 99 100 NR_044787.1 
154146 M. luminyensis strain B10  83 99 NR. 118098.1 
152801 M. luminyensis strain B10  85 100 NR. 118098.1 
44971 M. luminyensis strain B10  86 98 NR. 118098.1 
151893 M. ruminantium M1 95 100 CP.001719.1 
153647 M. luminyensis strain B10  84 99 NR. 118098.1 
153679 M. luminyensis strain B10  84 99 NR. 118098.1 
152466 M. stadtmanae strain DSM 3091 96 99 NR. 074323.1 
 3630 
8.4 Discussion 3631 
The data presented examines the relationship between forage quality in wet season and dry 3632 
season months on microbial diversity of the rumen in heifers and steers grazing Australian native 3633 
C4 pastures. The data included repeated measures on the same animals, and these findings should 3634 
provide some insight into the microbial community structure of cattle under monsoonal seasonal 3635 
conditions. The 16S rRNA marker is a well characterised marker to assess phylogenetic 3636 
differentiation. However, as described in Chapter 6.4.1, the failure to pair joined reads reduces the 3637 
length of the 16S fragment and potentially introduces limitations as sections of the V4/V5 3638 
hypervariable region are covered by the reverse read. However, for Archaea it has been shown that 3639 
PCR products of the V3 region, (covered by the forward read) are highly informative for 3640 
phylogenetic comparisons (Yu et al. 2007). 3641 
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In an extensive meta-analysis of the literature Jansenn and Kirs (2008) found that 92.8% of 3642 
archaeal data in sequence repositories fall within three genus level groups, Methanobrevibacter, 3643 
Methanomicrobium and the largely uncultured rumen cluster C (RCC). Regardless of month of 3644 
collection, the majority of sequences from this study aligned with those genera. Members of the 3645 
genus Methanobrevibacter dominated the data which aligns with the vast majority of rumen micro-3646 
ecology studies (Jansenn and Kirs 2008). In comparable rumen surveys of methanogenic archaea 3647 
members of the RCC range between 0 – 40 % abundant and the present animals in the present study 3648 
fall in the upper regions of that range.  3649 
In this work, the two most abundant OTUs of Methanobrevibacter were closely related 3650 
(>99%) to M. millerae and M. olleyae which were originally isolated from a sheep and a steer in 3651 
Australia (Rea et al. 2007) and were found to be H2/CO2 reducing with the capacity to utilise 3652 
formate. These species sit either side of a phylogenetic divide (RO – containing M. ruminantium 3653 
and M. olleyae or SMGT), proposed by King et al. (2012) to divide methanogens based on their 3654 
distribution. M. ruminantium and M. olleyae are the RO clade and M. gottshalki, M. thaeuri and M. 3655 
millerae belong to the SGMT clade. Daniellson et al. (2014) hypothesised that a greater proportion 3656 
of the SGMT clade had an association with increased methane emissions in dairy cows but Snelling 3657 
et al. (2014) highlight the absence of consideration for Thermoplasmata affiliated lineage. This is a 3658 
particularly important consideration for Australian forage fed cattle as this large clade of uncultured 3659 
archaeons appear to comprise a greater proportion of methanogens compared with other 3660 
geographical regions (Seedorf et al. 2015; Snelling et al. 2014; Wright et al. 2006). In the present 3661 
study, Methanobrevibacter spp. appeared to be well represented across both RO and SGMT groups. 3662 
There is some evidence to suggest that members of the RCC clade are methylotrophic 3663 
(Poulsen et al. 2013) although so far none have been axenically cultured from the rumen. The 3664 
closest related genus to the Thermoplasmata affiliated OTUs in this study is Methanossiliococcus 3665 
luminyiensis which is a gram positive non motile cocci originally isolated from faeces and uses H2 3666 
to reduce methanol to methane (Dridi et al. 2012). Poulsen et al. (2013) subsequently showed that 3667 
Thermoplasmatales affiliated sequences in rumen fluid were quantitatively increased in vitro with 3668 
the addition of alternate methyl containing substrates such as methylamines. Methylamines have 3669 
been found in the rumen of cattle and sheep at concentrations ranging from 0.6 to 1.2 mM and are 3670 
formed by the demethylation of choline and betaine, compounds found widely in plants, as part of 3671 
phosphotidylcholine from plant membranes (Ashraf and Foolad 2007).  3672 
The third largest genus observed in this study, Methanosphaera also contains methanol 3673 
utilising organisms. Representatives of both the RCC and Methanosphaera genera were more 3674 
abundant in the wet season months (May and March). Assuming a methylotrophic metabolism the 3675 
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increase of methyl compounds associated with methylamines, as well as methanol would be 3676 
expected to increase during wet season months. In a previous study of methanogenic archaea 3677 
associated with different forage quality (Ouwerkerk et al. 2008), no members of the RCC were 3678 
observed in this study of cattle consuming, Pangola grass, Leucaena, Ryegrass and Speargrass 3679 
conserved forages ranging from 20 to 200 g CP/ kg DM, and potentially the DGGE and clone 3680 
library techniques used were insensitive to RCC methanogens.  3681 
An OTU clustering at 95% with Methanosphaera stadtmanae showed a distinct seasonal 3682 
shift in relative abundance. M. stadtmanae is dependent on acetate and CO2 for growth only, and 3683 
does not reduce CO2 with H2. This feature of M. stadtmanae means that it conserves carbon in its 3684 
cell structures and methanol is the primary methanogenic substrate driving ATP production. In the 3685 
rumen, methanol is a by-product of pectin degradation during primary bacterial fermentation and 3686 
infusion with pectin and methanol increases the rate of methanol driven methanogenesis in sheep 3687 
(Pol and Demeyer 1998). In the current study, Prevotella and Butyvibrio fibrosolvens are both key 3688 
pectin degrading species that were increased in relative abundance during the wet season months 3689 
(see Chapter 7) probably associated with increased fermentable carbohydrates during the growing 3690 
season. These species are likely contributors to syntrophic methanol transfer. In addition, increased 3691 
protozoa (although not measured) during the wet season likely contribute to pectin degradation. 3692 
The representatives of the Crenarchaeota phylum were all Candidatus Nitrosphaera which 3693 
have been found previously in cattle (Shin et al. 2004) but are generally soil associated 3694 
methanogens (Zhalnina et al. 2014). The OTU blasted against thermophilic species N. gargensis 3695 
which has previously been isolated from hot springs and marine sediments. This genus includes 3696 
hyper ammonia oxidising archaea capable of oxidising NH3 to NO
-3 (Zhalnina et al. 2014). It is 3697 
unknown whether this organism, being present at such low amounts, is a transient soil organism or 3698 
whether it has found a niche environment in the rumen. If it is capable of oxidising ammonia, 3699 
produced during anaerobic bacterial fermentation of nitrogenous compounds and protein to a 3700 
measureable extent, it may negatively affect N cycling in the rumen (Jansenn and Kirs 2008). If 3701 
rumen dwelling, this represents the singular non methanogenic archeaeon in the rumen and presents 3702 
an opportunity for further research. 3703 
Tropical C4 grasses are on average less digestible than temperate species and have greater 3704 
lignification of the cell wall matrices (Minson 1990). It has been inferred, that such structural 3705 
complexes produce more CH4 from their fermentation (Moe and Tyrell 1979; Kurihara 1999). It is 3706 
also known that total number of methanogens has little if any, effect on CH4 production (Zhou et al. 3707 
2010; Danielsson et al. 2014) and that the type of methanogens present influence MP (Zhou et al. 3708 
2010). The lack of difference in the majority of alpha diversity indices between months or seasons 3709 
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is perhaps unsurprising given the small number of known archaeal genera compared with bacteria 3710 
16S rRNA sequences and that the dominant OTUs were present in all samples. However, the 3711 
Shannon index is a robust measure of biodiversity, incorporating both richness and evenness. Wet 3712 
season months May and March had 50% higher Shannon compared with dry season months and 3713 
higher relative abundance of methylotrophic methanogens.  3714 
8.5 Conclusions 3715 
The data presented here represents the first phylogenetic survey of the archaeal population 3716 
structure in rangelands cattle grazing tropical C4 grasses between the wet and dry season transition 3717 
in northern Australia. Sequences affiliated with Methanobrevibacter provided the majority of reads 3718 
but RCC related sequences are clearly important in Australian ruminants. Insufficient information is 3719 
available on the specific growth requirements species in this clade and therefore it is unclear 3720 
whether they contribute more or less to MP in the rangelands. 3721 
  3722 
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9.0 General Discussion and Conclusions 3723 
  3724 
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9.1 General Discussion 3725 
The overarching goal of this thesis was to quantify MP from cattle grazing tropical C4 3726 
grasses during the wet and dry seasons in northern Australia and associate that with changes in 3727 
bacterial and archaeal rumen populations. The monsoonal wet season and intervening dry season 3728 
typical of northern Australian beef regions, offers potential for large fluctuations in methane from 3729 
grazing cattle due to the marked change in DMD, fibre composition and CP supply. The transition 3730 
between the wet and dry season in the northern rangelands has not been examined specifically in 3731 
relation to MP and associated changes in microbiota. It is believed that the aims of this thesis were 3732 
met, with acknowledgement of the limitations described herein. While some questions were 3733 
answered, the work has also elicited new questions for further investigation. 3734 
One of the strengths of this study was that MP was investigated both in vitro and in vivo. 3735 
The microbiota exert a digestive force on ingested plant material and the physico-chemical structure 3736 
of the plant material in turn exerts competitive selection forces on the microbiota. The in vitro 3737 
experiments examined the effect of these factors separately. The forages used in the in vitro 3738 
incubations were sub-samples from the in vivo experiments in order to explore extrapolation of in 3739 
vitro methane values to the animal level. Factors influencing seasonal forage quality (stage of 3740 
maturity), and factors influencing the ability of the microbiota to break down substrate (diet of 3741 
donor animals) were investigated. The prokaryotic community in Bos indicus type cattle consuming 3742 
C4 grasses were examined in relation to MP using culture independent molecular microbial 3743 
techniques to investigate the ecology of the rumen microbiota in cattle enrolled in a methane trial 3744 
and in cattle on a commercial beef station over 12 months. 3745 
9.1.1 Strengths and Limitations  3746 
An opportunistic approach was employed to quantify microbial populations, and 3747 
fermentation dynamics in heifers on a commercial beef property of the scale typical in the northern 3748 
Australian beef regions, detailed in Chapter 7 and 8. The strength of this experiment lies in repeated 3749 
measures on the same animals and the commercial setting of the data. Repeated measures are a rare 3750 
attribute in the literature concerning seasonal shifts in diet quality on rumen microbiota, which 3751 
usually cull subjects (Sundset et al. 2009). This dataset also contained 15 initial (10 completed) 3752 
animals providing a substantial population in a research area where small datasets (2-4 animals) are 3753 
usual (Tajima et al. 2001; Brulc et al. 2009; Poulsen et al. 2013). While these factors are strengths 3754 
in the Brunette Downs data, equally, there are limitations. The ‘snapshot’ sampling regimen 3755 
precluded replicated measurements for individuals within sampling times and relied on the larger 3756 
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sample size to minimise variability in the data. Samples were taken 90 days apart and while every 3757 
effort was made to impose controlled sampling conditions on these occasions (time of day, 3758 
handling, method of collection) the ability to quantify diet and environmental variables in the 3759 
intervening time was not equivalent to a controlled research station setting. To some extent diet 3760 
variables were explained  by faecal NIRS diet predictions; however, it is likely that there are factors 3761 
beyond what could be feasibly measured under open conditions that impact on rumen environment 3762 
such as animal diet selectivity, genetics and weather conditions. In addition, extraction of rumen 3763 
fluid using stomach tube can potentially give rise to variable contributions of saliva and extract 3764 
from the reticulum more than the rumen, however Lodge-Ivey et al. (2009) found no difference in 3765 
microbial populations whether samples were collected by stomach tube or intra-ruminal fistula and 3766 
operator experience minimised such potential in this experiment.  3767 
 For these reasons, the in vivo study at Lansdown Research Station (Chapter 5) imposed 3768 
strictly controlled conditions on steers and included higher resolution data collection, incorporating 3769 
rumen outflow rate, individual intakes and individual MP intended to complement the rumen 3770 
microbiota analysis and provide a comparative scenario to the longitudinal Brunette Downs study 3771 
work. Despite these improvements, there were also some experimental design limitations inherent 3772 
in this experiment. Inter animal variation is high in molecular ecology studies and while four 3773 
animals were sufficient for biometric measurements such as MP, rumen biochemical parameters 3774 
and live weights, the small sample sizes are recognised to have greater influence on microbial 3775 
measurements. Inter-animal variation in animals on the same diet has previously been recognised in 3776 
some cases as greater than between animals on difference diets (Jami and Mizrahi 2012).  The in 3777 
vivo projects were longitudinal designs, in the Brunette case it was a speculative expedition 3778 
designed to monitor the rumen population over the course of two wet seasons and two dry seasons. 3779 
Such an undertaking is limited in these regions by the necessity for the wet season to have passed 3780 
sufficiently to allow access to cattle paddocks. The Lansdown experiment was also longitudinal by 3781 
necessity, as drought in 2013-2014 meant that there was a severe scarcity of hay for purchase and 3782 
both the low and high quality hay were therefore grown specifically for the research. In order to run 3783 
the experiment during the wet season of 2014 to allow access to pasture for the cattle, a longitudinal 3784 
experiment was essential.  3785 
In addition, the animals in the Brunette study were Barkly composite heifers containing 3786 
moderate Bos taurus blood in them and those at Lansdown were 100% Bos indicus Brahman steers. 3787 
Bos indicus types are known to have prokaryotic communities more in common with other 3788 
consumers of low quality forages such as yak and buffaloes as opposed to Bos Taurus breeds 3789 
(Wilson 2010).  3790 
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The focus of the thesis was prokaryotic communities, specifically methanogens and no 3791 
quantitative measures were made of rumen eukaryotes. Protozoa associated methanogenesis is well 3792 
documented and defaunation remains an enduring model of methane mitigation in both cattle and 3793 
sheep. Considering the close nature of the relationship between methanogenic archaea and protozoa 3794 
in the rumen as well as the predation of protozoa on bacteria, quantification of their influence may 3795 
have added value to the statements made within the thesis. Quantification of protozoa would no 3796 
doubt have added an illuminating dimension to the rumen work.  3797 
Native Mitchell grass was used in the initial trial (Chapter 7 and 8) due to its’ importance in 3798 
the Mitchell Grass Downs bioregion to the northern grazing industries and for being the abundant 3799 
grass on the paddock where cattle were kept. Where this grass was not available in the Lansdown in 3800 
vivo study (Chapter 5 and 6) it was replaced with available and common tropical C4 alternatives, 3801 
Sabi grass (U. mosambicensis) and Rhodes grass (C. gayana).  3802 
9.1.2 Main findings 3803 
1. Methane is overestimated for this class of cattle in the northern rangelands. 3804 
Neither of the in vivo trials offered support for the assertions of Kurihara et al. (1999) and 3805 
Johnson and Johnson (1995) that tropical C4 grasses produce more methane due to the increased 3806 
lignification, and the alternate photosynthetic pathway that exists in such grass. Trials where MP 3807 
reaches a proportion of GEI close to 10 – 12% are relatively rare (Ominski et al. 2006; Kurihara et 3808 
al. 1999) and perhaps additional environmental factors are involved. Although the MP for the 3809 
Brunette Downs study is not detailed within this thesis it formed part of an external CSIRO 3810 
managed project (Tomkins and Charmley 2015), the MP is within the range observed here (May 3811 
(wet season) 144 g/d; Nov (dry season) 200 g/d). The higher value at the end of the dry season is in 3812 
contrast to what was found at Lansdown and may be a sex effect (heifers vs. steers), a methodology 3813 
effect (chambers vs open path lasers) or a result of high C3 proportion in May which decreased 3814 
potential MP. The Lansdown work showed that for growing steers in the weight range of 220 – 320 3815 
kg, that CH4 remains relatively stable at approximately 20 g/ kg DMI. This data is in agreement 3816 
with recent data from Kennedy and Charmley (2012) and with new estimated from the FAO 3817 
(Hristov et al. 2013). The potential of downgrading the contribution of the northern beef industry to 3818 
national GHG accounts should be reviewed. 3819 
  3820 
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2. Forage quality affects methane production in tropical grasses – more digestible/ better quality 3821 
produce more methane per day. 3822 
With the exception of the aforementioned Brunette Downs data, in all trials MP increased 3823 
with improved forage quality. Clear positive linear relationships were observed between nutritive 3824 
parameters associated with quality, e.g CP and DMD with absolute quantity of methane produced 3825 
from tropical grass substrates. Lucerne did not follow the same linear path and it is assumed this 3826 
was a legume effect which is apparent in the literature. In tropical C4 grasses CP content is 3827 
comparatively low compared with temperate C3 species, with the greatest proportions in the early 3828 
wet season and therefore it is not surprising that CP is closely associated with forage quality or 3829 
DMD. Dijkstra et al. (2012) demonstrated that; at a pH of 6 to 6.5 which is most similar to the 3830 
rumen of grazing cattle, that soluble carbohydrates produce more methane than structural 3831 
carbohydrates and classic work from Czerkawski and Breckenridge (1969) states that when low 3832 
quality forages are fed carbohydrate type is irrelevant and it is the total quantity of digested OM that 3833 
determines MP. The Lansdown in vivo experiment appears to concur, as increasing forage quality 3834 
increased intakes, so too did MP, no difference in CH4 between diets was observed when expressed 3835 
as a proportion of DMI. Considering that digestibility between forages is divergent, there is no 3836 
reason for methane to remain so consistent per kg intake but this is a phenomenon that has 3837 
previously been observed (Kennedy and Charmley 2012; Hristov et al. 2013). However, when 3838 
expressed as a portion of digestible DM intake there is clearly more fractional methane loss for low 3839 
quality forages potentially associated with methanogen populations suited to longer retention times 3840 
as appears to be supported by the linear relationships between a number of OTUs and FOR.  3841 
3. The prokaryotic diversity of cattle in the north 3842 
In accord with the majority of bacterial 16S rDNA based community data, Bacteroidetes and 3843 
Firmicutes phyla were dominant in all samples. Bacteroidetes houses the genus, Prevotella which 3844 
with the advent of cultivation independent techniques has become recognised as a major player in 3845 
rumen microbiology. Firmicutes contained numerous OTUs classified as uncharacterised Clostridia 3846 
and Ruminococcacea. Methanogen diversity has rarely been described in Australian beef cattle, and 3847 
never in unsupplemented animals over seasonal change in forage quality. It is clear from the data 3848 
presented here that cattle in the northern rangelands are populated by two main types of 3849 
methanogen, those belonging to the genus Methanobrevibacter and those uncultivated organisms 3850 
belonging to the class Thermoplasmatales which were both present in roughly equal proportions in 3851 
both in vivo experiments. These two far outweigh abundance contributions from other 3852 
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methanogenic species regardless of the type of forage offered. Thermoplasmatales in some cases 3853 
were greater than 50% of the data. Recent evidence is mounting to suggest that Thermoplasmatales 3854 
are methylotrophic and these data offer novel insights into potential strategies for a microbial 3855 
methane mitigation strategy.  3856 
9.2 Inoculum X forage type interaction in vitro after 24 h. Confirmed that forage quality 3857 
improvement produces more methane but less per g DM digested within inoculum source. 3858 
In vitro systems traditionally devised to estimate DMD (Menke and Steingrass 1979, 3859 
Blümmel and Ørskov 1992) have frequently been used over the last decade to estimate methane 3860 
potential of ruminant feeds (Getachew et al. 2004, Lee et al. 2003a) and relate CH4 per unit 3861 
degraded material to CH4 from cattle in vivo (Lee et al. 2003a, Moss et al. 2000). Since the primary 3862 
aim of this thesis was to investigate factors relating to seasonal flux in MP in the northern 3863 
rangelands, it was recognised that donor inoculum from cattle consuming wet season pasture might 3864 
produce a different fermentation profile compared with cattle consuming dry season forage in terms 3865 
of fermentation pattern in vitro. The two in vitro experiments were designed to firstly (Chapter 3) 3866 
estimate gas and CH4 production from forages using a standard inoculum recommendation for 3867 
60:40 forage to concentrate (Nagadi et al. 2000) and secondly (Chapter 4) determine the additional 3868 
effect that inocula characteristic of seasonal grazing diets might have on fermentation parameters in 3869 
vitro. The low quality hay inocula representative of the dry season, had similar results to inocula 3870 
used in Chapter 3, derived from cattle consuming low quality Rhodes grass and having access to 3871 
cottonseed meal (CSM) and copra meal in molasses. Inoculum characteristic of wet season diets 3872 
differed in almost all fermentation characteristics from the other two inoculum sources. Based on 3873 
large differences in CH4 production between inocula at 48 h prolonged incubation should be used 3874 
with caution. Values from within 24 h are recommended to ensure CH4 from substrate degradation 3875 
and not abnormal fermentation of secondary metabolites. These two experiments demonstrate that 3876 
MP in cattle grazing during the dry season and during the wet season is influenced by both 3877 
microbes and forage structure. It is also clear that inoculum has an increasingly strong influence on 3878 
end products between 24 and 48 h in a closed system. All in vitro incubations regardless of 3879 
inoculum source confirmed that degradability and forage quality were the main factor in TGP and 3880 
MP in both absolute and per g DMd and OMd. 3881 
One purpose of in vitro screening is extrapolation of values to the animal. In the current 3882 
experiment, in vivo CH4 measurements were taken (Chapter 5) from cattle consuming two of the 3883 
incubated forages who also provided donor inoculum. Based on CH4 g/ kg DMd, estimated in vitro 3884 
at 24 h PAS and LQH would be 16 – 18 g/ kg DMd in vitro which is more than 50% lower than 3885 
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measured in vivo (33.6 – 51.2 g/kg DMd). Improvement is observed at 48 h but only in PASi (39.9 3886 
– 46.7 g/kg DMd). Potentially, development of a larger in vitro database for tropical grasses for 3887 
which in vivo CH4 has been measured would provide more applicable regression relationships.  3888 
Chapter 6 provides information on bacterial and archaeal populations in the donor inoculum 3889 
for Chapter 4. A higher B: F ratio was observed in cattle consuming the low quality hay due to 3890 
increased proportions of Prevotella. In comparison, cattle consuming high quality fresh pasture had 3891 
increased abundance of unknown genera in the family Ruminococcacea. Genera in this family, 3892 
Ruminococcus flavefaciens and R. albus produce H2 and stimulate methanogenesis in co-culture 3893 
with methanogens. Pasture fed cattle had lower overall diversity of methanogens, (Shannon 2.4 v 3894 
3.0, P<0.05, Chapter 6) compared with cattle consuming low quality hay, but more of these 3895 
appeared to be methylotrophic. 3896 
 3897 
9.3 Future Directions 3898 
It is clear from this work and the work of others that members of the RCC are abundant in 3899 
the rumen of tropically adapted Bos indicus type cattle. However, RCC organisms are only distantly 3900 
related to any cultivated methanogen. Cultivation of an RCC type species in the rumen would 3901 
enable a breakthrough in understanding this clade and their contribution to methanogenesis and 3902 
potentially ammonia supply in the rumen (Padmanabha et al. 2013). Research in the field of 3903 
methane emissions informs a space between agriculture and the broader environment. The threat of 3904 
climate change poses significant production risks to agriculture (Henry et al. 2013). If methane is 3905 
truly to be mitigated in a meaningful manner unproductive cattle should be minimised, including 3906 
beef cattle during the dry season that are producing methane without LWG. A synthesis of 3907 
management options to improve the overall productivity without increasing cattle numbers would 3908 
maximise efficiency while minimising GHG release to the atmosphere. Such management strategies 3909 
already form the basis of some risk adverse management strategies. 3910 
 3911 
General conclusions 3912 
 3913 
In conclusion, this body of work has affirmed that there is a highly diverse population of 3914 
prokaryotes in the rumen of Bos indicus cattle consuming low quality tropical C4 grass pastures. 3915 
Across the majority of experiments both in vitro and in vivo absolute MP increased when forage 3916 
quality improved, while the herd scale measurements at Brunette Downs showed the opposite 3917 
effect. In all animals, Thermoplasmatales methanogens were present at high abundance. Archaeal 3918 
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and bacterial diversity are affected by changes in forage quality at the levels included here, 3919 
including shifting relative abundance of key carbohydrate utilising groups and associated changes in 3920 
the methanogen populations. As yet a large section of microbes in the rumen remain largely 3921 
unidentified and uncharacterised. A critical research area is to axenically culture and characterise 3922 
the methanogenic RCC, which may lead to significant novel approaches for methane mitigation. 3923 
Research into prokaryotic diversity has the potential to exponentially improve our knowledge on 3924 
rumen function, providing us with the ability to improve the degradation of low-quality feed in the 3925 
rumen, MP and the productive output of cattle in the rangelands. 3926 
  3927 
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